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An initial review of the subject emphasises the need for
improved fuel efficiency in vehicles and the possible

role of aluminium in reducing weight. The problems of
formability generally in manufacture and of aluminium in
particular are discussed in the light of published data.

A range of thirteen commercially available sheet aluminium
alloys have been compared with respect to mechanical
properties as these affect forming processes and behaviour
in service.

Four alloys were selected for detailed comparison. The
formability and strength of these were investigated in
terms of underlying mechanisms of deformation as well as
the microstructural characteristics of the alloys
including texture, particle dispersion, grain size and
composition.

In overall terms, good combinations of strength and
ductility are achievable with alloys of the 2xxx and

6xxx series. Some specific alloys are notably better

than others. The strength of formed components is affected
by paint baking in the final stages of manufacture.
Generally, alloys of the 6xxx family are strengthened

while 2xxx and 5xxx become weaker. Some anomalous
behaviour exists, however.

Work hardening of these alloys appears to show rather
abrupt decreases over certain strain ranges which is
probably responsible for the relatively low strains at
which both diffuse and local necking occur. Using data
obtained from extended range tensile tests, the strain
distribution in more complex shapes can be successfully
modelled using finite element methods.

Sheet failure during forming occurs by abrupt shear
fracture in many instances. This condition is favoured
by states of biaxial tension, surface defects in the form
of fine scratches and certain types of crystallographic
texture. The measured limit strains of the materials can
be understood on the basis of attainment of a critical
shear stress for fracture.

Key words: Aluminium; Formability; Limit Strain;
Shear Fracture.
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2 INTRODUCTION

At the end of 1975 there were 17 884 000 licensed vehicles in the
United Kingdom. Of these
14 061 000 were private cars and vans
114 000 public transport vehicles
1 813 000 commercial vehicles
1 173 000 motorcycles, mopeds and scooters
the remainder being agricultural tractors, civil engineering machinery

and military vehicles.

The overall automotive fuel requirement for 1974-75 was:

Petrol 15.87 x 106 tons

Derv 5.33 x 106 tons

which represents 24.6% of the total oil consumption in the U.K. for

that year.

There has been a continuous increase in the past in the number of
licensed vehicles and this trend is likely to carry on well into the
future. It is apparent therefore that any improvement in vehicle
fuel efficiency will lead to appreciable savings in total fuel
consumption. The popular demand for larger, more powerful vehicles
was conditioned by the relative cheapness of motor fuel. However,
the fourfold increase in crude oil price by 0.P.E.C. in 1973 and its
subsequent impact with value added tax (V.A.T.) on petrol prices
served to highlight the need for fuel economy. From 1973 onwards

fuel prices increased at a relatively stable rate until the later



half of 1978 and 1979 when petrol prices rose by up to 50%.

The rise in price coupled with a further increase in the rate of
V.A.T. increased pressure on automobile manufacturers to produce
vehicles with higher fuel efficiences and subsequently there is now

increasing demand for smaller and more economical models.

There are several ways in which increased fuel efficiency could be

achieved:

To consider improvements in design to internal combustion
engines and transmissions leading to reduced fuel consumption.
To consider improvements in vehicle design leading to reduced
fuel consumption.

The latter method may be further divided:

. Improved design to reduce drag and ffictional losses - the current
average drag coefficient for British cars is 0.45. Changes in
design have produced drag coefficients as low as 0.23 which it is
estimated would give a 20% reduction in fuel consumption.

Improved utilisation of materials to reduce vehicle weight.

Reduction of vehicle weight through the use of lighter materials
includes:
A primary saving resulting from the direct substitution of a
lighter for a heavier material in a component.
A secondary weight saving resulting from the lighter structural

loads to be carried by the chassis, suspension system, etc.



Research carried out in the United States indicates that 36 kg of
aluminium can replace approximately 90 kg of heavier material in
production and prototype vehicles. This gives a direct weight
saving of 54 kg or a primary weight saving of 1.5 kg for each
kilogram of aluminium used. Estimated secondary weight savings
average 50% of the primary resulting in a total saving of around

2.25 kg for each kilogram of aluminium used.

This research is based on the investigation of suitable aluminium
alloys for automotive applications with a view that a reduction in
vehicle body weight of upto 30% may be achieved producing a

subsequent increase in fuel efficiency.



3. LITERATURE REVIEW

3.1. THE CASE FOR ALUMINIUM

If we are to tackle seriously the problem which is now becoming

evident it would appear that we must make more efficient use of fuel

used in automobiles.

Evaluating the energy saving potential of a material depends on three
basic factors:
. Weight differences between alternative materials

Relationship between fuel economy and weight

. Energy content of both materials and fuel

Aluminium requires large amounts of energy to produce. 14 - 16
KWh/Kg (1) is required in the electrolytic reduction process. The
cost of recycling aluminium scrap is, however, low. Calculations of
the return in terms of energy saved over a ten year life, on the
investment of energy in producing aluminium for motor cars show a
ratio of 9:1 as the result of direct substitution. For a complete
re-design taking full advantage of aluminium the savings on energy

investment could be in the ratio 22:1.

There is a direct correlation between vehicle weight and petrol
mileage (2). E.P.A. figures show an average of 10.06 Km/1 for a

907 Kg car versus 4.61 Km/1 for a 1814 Kg car.



The relationship between fuel economy and the weight of an automobile
can be calculated from empirical formulae derived by interpolating
published data covering both urban and open highway driving. For
urban driving an average fuel consumption/weight coefficient of

1.15 x 1074 1/Kg Km was calculated from fuel economy figures (2).

The corresponding coefficient developed for open highway driving was

2.71 x 10™° 1/Kg Km (3).

Fuel savings from vehicle weight reduction are roughly four times
greater for urban than for open highway driving. This fact arises
from the inherently greater amount of fuel consumed in stop/go urban
driving and the effect of aerodynamic drag which reduces the relative

advantage of weight savings in open highway driving.

Accurate evaluations of weight reduction through substitution of
lighter for heavier materials are difficult because of the number of
performance requirements ie. strength, stiffness, heat conductivity,
mass, resistance to corrosion, appearance, etc. They can best be

determined from experience gained from production and prototype

vehicles.

Alternative Materials

High strength steels have been proposed, in recent years, as
relatively cheap, high strength to weight ratio metals which
could be substituted in place of low carbon steel for vehicle

body manufacture in preference to aluminium. High strength low



alloy (H.S.L.A.), high strength cold rolled (H.S.C.R.) and Micro-
duplex steels provide a viable substitute for mild steels and
possess improved fatigue and impact resistance, adequate corrosion

and welding characteristics but have reduced formability.

H.S.L.A. steels rely on the addition of small percentages of

carbide and nitride forming elements, which produce particles

within the metal during hot rolling, for their strength. Niobium,
titanium and vanadium or combinations of these elements are used.

The carbides restrict recrystallization and grain growth of the
hot-worked austenite, which upon transformation gives a fine

ferrite grain size and thus a high strength material. A precipitation
hardening effect can also be obtained depending on whether the particles
form during the following process or are precipitated subsequently as

a fine dispersion in the ferrite.

The use of H.S.L.A. steel is lTimited in the automobile industry due
to the relatively thick minimum gauges that are currently available.
H.S.C.R. steels were introduced to overcome this difficulty.

Just as with H.S.L.A. steels, solid solution hardening, precipitation
hardening and grain refinement are used to produce a product with the
required hot band yield strength. The material then undergoes cold
reduction to produce a range of as-rolled yield strengths. A
recovery anneal or full anneal can be used to produce metal with
yield strengths of 0.8 - 0.9 or 0.3 - 0.45 of the as-rolled yield
strength respectively. Finally, a temper-rolling pass can be used

to produce the required thickness control, surface finish and
suppression of discontinuous yielding.

s



High strength microdupliex steels have recently been developed

and consist of a duplex microstructure of ferrite and martensite.

It is produced by heating a vanadium containing steel of the H.S.L.A.
type for a short time at a temperature in the intercritical two-phase
austenite-ferrite region. On cooling, a duplex microstructure is
produced consisting of a ferrite matrix with a less deformable

second phase of martensite and a fine distribution of vanadium
carbide precipitates. More recent developments allow the dual phase

structure to also be achieved without the addition of alloying

elements.

3.2 STRUCTURAL CONSIDERATIONS

In general, vehicle design criteria can be grouped into three
categories:

Static load design criteria

Dynamic load design criteria

Crashworthiness load design criteria

The first two design criteria arise from functional and service
requirements and the third from imposed safety standards. From
a structural view point, the objectives of these criteria can be
related to four types of structural requirements:

Stiffness

Strength

Vibration

Crash



The stiffness design requirement can be defined as the maximum
allowable deflection of a structure under a specific load.
Similarly, the strength design requirement is defined as the maximum
allowable stress under a specific loading and the vibration design
requirement, as the desired frequency and mode of response. The
crash design requirements are related to energy absorption and
management. Unlike the requirements for stiffness, strength and
vibration, which are also often considered in conventional
structural designs, the crash characteristic is a very special
requirement in automobile structures and only a small quantity of
literature and design guidelines are available in this area because

the relationship between various deformation modes and occupant

protection is only partially understood.

Local Stiffness

Most outer panels have areas not supported by inner panels. Loads
applied to the outer panel in these areas will cause the panel

to deflect; the amount of deflection is dependent on load, thickness,
geometry and material. The deflection of essentially flat panels

is sometimes referred to as oil-canning. Under identical loading
the deflection of an aluminium panel is greater than that of a steel
panel having the same size and thickness because of the difference
in the modulus of elasticity. In Fig. 1. (4), for a given load, the
measured deflection of the aluminium panel is not three times that
of the steel panel as might be expected from the relative values of'
modulus of elasticity but is less than twice the deflection of the

steel panel.
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FIG.1. Load-deflection tests of production hoods . (4).

Finite element analyses and load deflection tests have been
conducted to determine the significant perameters that influence
lTocal deflection of outer panels. The equation for calculating the

local deflection of nearly flat outer panels was determined to be: (4)

A KL (1)

where
a = Deflection for a given load.
K = Coefficient that varies primarily with load on the
outer panel.
L = Length of shortest side of unsupported area (function
of rib spacing).
t = Thickness of outer panel.

E = Modulus of elasticity of material of the outer panel.

Good agreement was found between calculated and measured deflections

in steel and aluminium panels.



Two changes can be made to an aluminium assembly to minimize outer
panel deflection:
The inner rib spacing can be decreased.

The outer panel thickness can be increased.

Reducing the inner rib spacing greatly reduces weight but retains
performance equivalent to an assembly in which the thickness of the
outer panel is increased to obtain the desired local stiffness.
Local stiffness can be improved, if clearance requirements do not
allow a full depth inner panel rib to be employed, by not cutting

out a strip of inner panel. Increasing the depth of the strip by

down flanging the edges is also beneficial.

For bending stiffness to be the same in the new material, the new

thickness can be found by: (5)

t s
2 . 2
£- ) (2)

Ny

Hence, for any assemblies, which carry bending loads, the thickness

has to be increased.

The thickness of an outer panel in aluminium compared to the
thickness of a steel outer panel for equivalent Tocal stiffness

is: (4)

% N . 52

e 2 2 VB (3

Ly» L, = Length of the shortest unsupported area of aluminium
and steel respectively.

E], E2 = Modulus of aluminium and steel respectively.

-10-



Strength

An assembly needs to have resistance to yielding or failure under
loads causing bending of inner panel ribs (bending or torsion of
the assembly). Yielding and crippling are considered. Thickness
requirements to prevent crippling and yielding of assemblies can

decrease with an increase in yield strength as shown in Fig. 2. (4).

1.0 T T T T Y T

CRIPPLING
0.9 -

0.8 -
PERMANENT SET

RELATIVE
THICKNESS g5 |
OF PANEL

0.5 ™

05 | ASSUMES GEOMETRY OF i
SECTION REMAINS CONSTANT

0L 1 1 ] 1 1 1
200 225 250 275 300 325 350

YIELD STRENGTH, MPa

FIG.2. Thickness and yield strength variations for beam
crippling and permanent set. (4)

Thickness has been normalized to a value of 1.0 for an aluminium
yield strength of 200 MPa. Thus from the standpoint of yielding
(resistance to permanent set), and crippling, minimum weight designs

would result from the use of high strength aluminium alloys.

The thickness of aluminium compared to steel for equivalent resistance

to permanent set for the same geometry is inversely proportional to

yield strength. Younger (6) has shown that theoretically the new

=G



gauges for a different material in a bending mode can be determined

from:
t 3
1 = (oy,) (4)
2 o

4
As stated previously, for tensile and compressive loads, thickness

is inversely proportional to yield strength. Therefore, to have

equal strength in the tensile mode:
2, 220 (5)

Crippling is a phenomenon that can occur in thin walled shapes
subjected to bending. It is a type of instability of the section

in which failure occurs at stresses less than the yield strength

of the material. Crippling strength depends on the width-to-thickness
ratio of the elements of the part, the yield strength of the material
and the modulus of elasticity. For a given bending moment and shape

of section, the thickness required is roughly proportional to: (7)

voy.E (6)

For equivalent crippling strengths of aluminium and steel, the width-

to-thickness ratio of aluminium (b/t), compared to steel (b/t), is (4)

b/th .4, %, E
(b/t), 2 Y2 Ep (7)

Dent Resistance

Dent resistance can be described in many ways and numerous types of
tests have been employed to define it. Speed of loading, shape of

part, stiffness of part and mass of the impacting object are a few

-12-



of the many variables that can be considered. In spite of the large
number of variables and the differences in test procedures and
analyses employed by investigators,.published studies (8-14)

show that dent resistance increases with yield strength and thickness.
The depth of dent as determined from a simple drop weight test

(230g steel ball dropped 3m) decreases as the product of yield
strength and thickness increases, see Fig. 3 (4). The curve in

Fig. 4 (4) demonstrates the reduction in thickness that can be
achieved with increasing yield strength for aluminium outer panels

having dent resistance equivalent to panels of 200 or 350 MPa yield

strength steels.

T i |
1
201 DENT ﬁ_'_ -
DENT
DEPTH, e
mm [ OsEn 7
A\ 2096-T4
O sts20
10 L 0 6009-T4 -y
> 6010-T4
¢ ©009-T6
os | D sao-Te B
o P -
NOTE: SYMBOLS WITH HORIZONTAL LINE
" INDICATE TESTS OF FULL-SIZED HOODS
0 100 200 300

oyt, kN/m

FIG.3. Dent resistance of minihoods and fullsized hoods. (4)
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FIG.4. Dent resistance as a function of yield strength and
thickness. (5)

It was found (4) that aluminium alloys 2036-T4, 6009-T6 and

6010-T6 provide the same or better dent resistance as 200 MPa steel
for the same gauge. A high strength aluminium alloy such as 6010-T6
must be used to have equal performance on a gauge-for-gauge basis
with a 250 MPa steel. Based on equivalent dent resistance the

thickness of aluminium compared to steel for an outer panel is as

follows: (8)

t . iy, (8)
B W

As per Dicello and George (10), when a weight reduction is made by
changing the material, the dent resistance of new material can be
found by:
(o) 4 _(oy)2 .4 (9)
1.ty =2 .t

_ST- 1 "'S"é 2

=)l u



where

S], 52 represent panel stiffness, we get:

(t)* (oy,)?
1+ 14

(oy,)°

3.3 PROBLEMS ENCOUNTERED IN MATERIALS SUBSTITUTION

The substitution of aluminium in place of low carbon steel gives

rise to many problems in manufacturing not least of which is the
reduced formability of aluminium alloys when compared with conventional
sheet steels. Fig. 5 compares the formability of a typical aluminium
alloy BA2117 (CP) with low carbon 1010 steel and microduplex Hi-Form
8od.
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FIG.5. A comparison of 1imit strains for an aluminium alloy
(BA2117CP), low carbon steel (1010) and Microduplex steel
(Hi-Form 8od).
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Limit strains in the case of 1010 steel are only marginally superior
to Hi-Form 8od. Aluminium, however, shows a reduction of ~20% in
limit strains in the region o< €. This difference slowly but

steadily decreases when e, becomes increasingly negative.

Material strength plays an important role in sheet metal pressing
operations. If the yield strength is too high or the material too

hard damage to the dies may occur over a period of several pressings.
Fig. 6 shows stress-strain curves for BA2117 (CP) and three types

of sheet steel. It is evident that the strength levels of BA2117 (CP)
and 1010 steel are very similar although ductility differs. Microduplex

and H.S.L.A. steels are much stronger and so afford the opportunity

to reduce sheet thickness saving weight.
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FIG.6. Comparison of stress-strain data for an aluminium alloy,
low carbon steel, HSLA steel and Microduplex steel.
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When aluminium is formed under press conditions similar to those

used for steel, problems of material pick-up on die surfaces are

often encountered. This pick-up gives rise to surface damage of the
sheet and imparts an unacceptable finish to the pressing. Frequent
cleaning of the die surfaces is therefore necessary which is both time

consuming and expensive.

The joining characteristics of aluminium present problems not normally
encountered with steel. Because the specific heat of aluminium is
twice that of steel and aluminium conducts heat four times faster,
welding plant must provide an intense localised source of heat. The
oxide film is chemically stable and reforms rapidly in air, therefore
the process must be able to remove or break up the oxide film and
prevent its reformation. In the manufacture of automobiles spot
welding is probably the most widely used joining process. Because

of its afore-mentioned characteristics, aluminium requires higher

spot welding currents and electrodes require dressing more frequently.

This can increase process costs dramatically.

3.4 ASSESSMENT OF FUNDAMENTAL MATERIAL PROPERTIES

3.4.1 Work Hardening Behaviour

The descriptions of the process of strain hardening at modest
plastic strains are capable of quantification in terms of both the
detailed structural descriptions of dislocation accumalation and the

rates and geometry of dislocation motion. A number of reviews (15, 16)
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have been produced which discuss the details of the hardening process.
However, at large plastic strains the description of the plastic
flow of both single crystals and polycrystals is much more empirical
in form. Liicke and Mecking (17) have pointed out that one of the
essential features of a description of large strain deformation is
the occurence of dynamic recovery which leads to a gradual decrease
in work hardening rate because the hardening processes which are
dominant at lTow strains are supplemented by softening processes.

In cold forming strain hardening is the dominant source of necking
resistance and because the flow strength increases and the rate of
strain hardening decreases quite rapidly with increasing strain,

room temperature stretching limits are severely restricted.

Strain Hardening Index

The n value is defined as the slope of the log true stress (log o) =
log true strain (log ¢) curve. Conventionally the n value is measured
in the tensile test between the 1imits of yield and maximum load,
ie. before the onset of diffuse necking.

d(Tog o )/d(log e ) = n (10)
Provided the power law (18)

o= Ke" (1)

is a good approximation to the true stress-strain curve then n will
be independent of strain. Theoretically, for an isotropic metal
in uniaxial tension, the onset of diffuse necking will occur at a

strain numerically equal to n (19,20),

-18-



viz, n = ¢, (12)
or in terms of engineering strain

n=1n(1+ (e ]u)
whilst failure, localised necking, does not begin until the strain
e = 2n. Deformation behaviour during diffuse necking was studied by
Ghosh (21) who recognised that hardening (or softening) behaviour
during necking was controlled by stress state, strain hardening and
strain-rate hardening. Arbel (22) obtained, by experiment, a general
relationship between the L.D.R. attained in formal deep drawing with

a flat headed punch and n. However, Swift (23) found no correlation

to exist between (e, )u and L.D.R.

Approximate Equations for Stress-Strain Curves

Various attempts have been made to write empirical equations that
would fit experimentally observed stress-strain curves. Within the
elastic range of most metals the relationship between stress and
strain is described by the equation

c=E¢ (13)

For situations where the metal may be deformed into the plastic
range it is desirable to have the stress-strain curve for the material

described by some mathematical equation. The four which are most

commonly used are:
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A + Be" (14)  Ludwik (24)

=]
n

o= K" (15) Hollomon (18)
o=A(B+e)° (16)  Swift (25)
o =A - (A - B)exp(-c/c) (17)  Voce (26)

where o and e are the true stress and true plastic strain respectively
and the other perameters are constants. Some equations describe the
deformation behaviour of a specific material better than others. ~For

instance, the curves of annealed and deformed copper are best fitted

by the Voce equation (27).

Plastic Instability

In 1885 Considere (28) first formulated a criterion for the
instability strain in tension. At high rates of strain Zener and
Hollomon (29) observed a shear plastic instability which they
attributed to thermal softening and called adiabatic shear.

Backofen (30) considered strain rate and adiabatic heating to arrive
at the instability strain for the specific case of parabolic
uniaxial tensile deformation. Hillier (31) developed criteria for
instability in plane strain biaxial loading. The Considere theory
of the tensile test was extended to include strain rate sensitivity
and several definitions of instability by Hart (32). Argon (33)
extended Hart's theory to include the effect of pressure and
adiabatic heating. Anisotropy effects were added by Duncombe (34,35).
Others (21, 36, 37) have also published related work.



In recent years many authors have investigated a class of instabilities
which can be defined as phenomena related to the growth of a locally
thinned region or neck, in a material containing defects, upon

the application of a stress. Four criteria have been proposed in

terms of different choices of variable for describing the onset of
instability. Hart (32) proposed that the behaviour of a cross-
sectional inhomogeneity oA be monitored whereas several other

authors (34, 35, 38) chose to consider the behaviour of a relative
cross-sectional inhomogeneity oe. Local length (39) and dislocation

density (40) were also proposed as plastic instability criteria.

Recently questions have been raised about prior treatments in
particular Hart's (32) treatment, by Jonas et al (41) and others (42).
Jonas et al (41) distinguished two types of defect on a tensile
specimen. They called them mechanical defects and geometric defects.
As noted by Kocks (42), these defects have usually been considered
separately, the deformation defect being treated by some investigators

(32 - 35) and the geometric defect by others (38, 43).

Different criteria for the onset of plastic instability have been
given for the two types of defects by Jonas et al (44). The view-
point that these two types of defect should be distinguished where
the onset of plastic instability is considered phenominologically
was questioned (45) and it was subsequently suggested that Hart's

(32) criterion applies for both deformation and geometric defects.

In recent work, Ghosh (46) considered the influence of strain rate

on plastic instability and presented a convincing argument that
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increasing the strain rate would decrease the strain at maximum

load, and at localised necking prior to fracture. These arguments
are confirmed, at least for low strain rate loads, by the experiments
of Sagat and Taplin (47) and the theories of Hutchinson and Neale
(48). In the high strain rate loading condition the results appear
to be quite different and considerable evidence exists that an
increase in strain rate can result in an increase in the ductility
of most metals (49). If strain rate sensitivity is decreased by
increased prestraining Fyfe and Rajendran (49) found their results
confirmed the theoretical development of Hutchinson and Neale (48)

namely, the onset of plastic instability occurs at lower strains for

a reduction in strain rate sensitivity.

For most practical purposes, the strain at which the load reaches

a maximum deformation also corresponds to the formation of a diffuse
neck. For plane stress situations with a = 0,/0, where o, and

o, represent the maximum and intermediate principal stresses

respectively, a diffuse neck forms when

(18)

ok
]
By~

where o is the effective stress, € is the effective strain and Zi
is the critical subtangent. The effective stress (strain) is that
function of the stress (strain) components which is representative
of or equivalent to the stress (strain) under uniaxial tension. For
an isotropic material obeying the Von Mises yield criterion these

may be expressed as:
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(19)

dT = ig flde, = e %  ldey = dey) & (e = de;) B2 200

Zi is a function of stress ratio. A graphical representation
(known as Considere's construction) is shown in Fig. 7 for different

values of Zi. Two modes of unstable flow are indicated.
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FIG. 7. Graphical determination of instability strain in a sheet
uniformly loaded in its plane. Z is a function of the principal
stress ratio o,/0, (0,=0); Zd relates to the beginning of

diffuse and 7, to the beginning of localised necking. For uniaxial
tension, o= o, € =€,, Zd = 1 and z, = 2. (50).

-23-



For a particular stress system Zi can be found in terms of the stress
ratio o and n the strain hardening exponent can be found experimentally.

For an isotropic material in uniaxial tension Z = 1 and

diffuse
Z yocal = 2- Hill (51) also analysed this problem with particular
reference to local instability. However, instability does not
necessarily require the occurrence of localised necking, for when
there is no line of zero extension in the plane of the sheet, a local

neck is not possible. Keeler and Backofen (50) have shown that

diffuse necking occurs when

2!/ 2
Iy = 4(1 ~a+a )2 /[(1-a) (4=-7a+4a )] (21)
and localised necking when
3

ZL=2(1-u+a)/”~a) (22)
Equations 21 and 22 assume particular loading conditions. When
a = 3, Zy = 7, and the two modes of instability become equivalent.
When a > 3 there is no direction of zero extension and so local
necking is not possible. However, local necks have been seen to

develop during biaxial stretch forming operations (52).

If the stress-strain curve can be represented by the power law

then do —(n-1) _ "° (23)
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From equations 39 and 42

€ =nZ (24)

Changes in both stress state and strain rate are associated with
diffuse necking, which might modify the apparent strain hardening
behaviour and result in a change in e, for local necking. The
effects of a change in stress state in the neck have been considered
by several investigators (53, 54). It has also been pointed out

that the stress state may have an effect on the effective hardening

behaviour (55, 56).

3.4.2 Plastic Anisotropy

The phenomenon of anisotropy ie. "Mechanical directionality" and
"Crystallographic directionality" (or preferred orientation), is
known to play a significant role in sheet metal behaviour in the
plastic range. Certain anisotropic metals which possess higher
strength in the thickness direction than in the plane of the sheet
have been found to exhibit better drawing qualities than isotropic

metals. This phenomena has been studied by several investigators,

eg. (57-60).

Normal Anisotropy

The normal plastic anisotropy of a sheet metal is generally expressed
in terms of the re coefficient defined as the ratio of the width-to

thickness strains in the uniaxial tensile test specimen orientated
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at 6° to the sheet rolling direction. The idea of measuring anisotropy
in this way and the procedure of the test itself were proposed almost
simultaneously in 1949 by Krupkowski and Kawinski (59) and in 1950

by Lankford et al (57). In the first method the plastic strain

ratio was expressed in terms of conventional elongations in the width
and thickness directions and in the second method as the ratio of
partial true strains. Both authors proposed the measurement of the
value of this coefficient at the deformation corresponding to the

limit of uniform elongation.

However, the value of strain ratio calculated in this way is not a
counterpart of anisotropy of the tested metal, its value being changed
in the test itself by the formation of fibre texture. In order to
obtain the value of strain ratio fully characterising the anisotropy
of the metal under test, Truszkowski (61) proposed the determination
of ro coefficient by measuring the strain ratio values at different
degrees of straining, and extrapolating the function r = f(e) back

to the initial state.

The course of the r = f (e) relationship may be explained by the
influence of fibre texture which forms during the tension test on
the initial deformation or recrystallisation texture. The lack of

a well defined preferred orientation in the initial state results

in a continuous change in the r value with strain. In completely
texture free metal it might be expected to obtain a constant r value
equal to unity over the range of uniform elongation. In the case
of a well defined preferred orientation, however, the fibre texture

appearing during the tension test influences the texture of the
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initial state and as a result two different zones on the r = f(¢)

relationship arise (61).

Several authors (62) have studied the effects of various factors

such as specimen size, strain measurement location, number of specimens
tested, etc. on the value of r obtained. Some of their results

clearly indicate a strain dependence of the r value. Work done by

Hu (63) has demonstrated that changes in the r value of sheet specimens
during uniform elongation in tension depend on the r value of the
sheet. For specimens having r = 1.00 (random textured sheet) the r
value is independent of strain; for those having r < 1.00 (poor
drawability sheet - strong (100) textured specimens) the r value
increases with strain; and for those having r > 1.00 (deep drawing
sheet - strong (111) texture) the r value decreases with increasing
strain. However, Arthey and Hutchinson (54) have subsequently
demonstrated that the apparent variation of r-value with strain in

fact originates from two separate but discrete values which pertain

to firstly inhomogeneous yielding and then to later homogeneous flow.

The strain ratio r is defined as the ratio of the natural strains
in the width and thickness directions for a specimen extended in
tension and is a function of the particular crystallographic

anisotropy of the sheet (65).

Wo
n uf

(25)
to
tf
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where

Wo = initial width

to = initial thickness
Wf = final width

tf = final thickness

Early investigators measured width and thickness strains directly.
To avoid the direct measurement of thickness strains, Burns (66)
assumed that the volume of gauge length remained constant and used

a modified parameter.

“ o (26)

In —

Much has been written on the measurement of normal anisotropy (67-69)

and its variation with strain (70).

It is generally agreed that the strain ratio value obtained is
hypersensitive to errors in measurement. Atkinson and Maclean (67)
pointed out that when equation 26 is used to calculate r, propogation
of measurement errors produces an increasing uncertainty in r as the

magnitude of r increases.
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Atkinson (62) showed that even with very careful specimen preparation,
inhomogeneities exist in plastic flow which can cause significant
variability in r. For this reason two to three specimens for each
test direction in the sheet are invariably required for reliable

results.

Because of crystallographic texture the magnitude of ro will vary
with e. For this reason an average strain ratio r is determined

conventionally and is defined by

ro +2r,s + r,,

== (27)

4

Stickles and Mould (71) working with low carbon steels showed that

a statistical correlation can be made between angular variation and
Youngs Modulus in the plane of textured sheet metals and the angular
variation of the plastic strain ratio. They also showed that the
angular variation of the elastic modulus could be used to characterise
empirically the formability of a sheet with respect to both deep
drawability and earing behaviour. Liu and Alders (72-75) have used
measurements of the anisotropy of Youngs Modulus to study deformation
textures in f.c.c. metals but this approach is not applicable to

aluminium which is elastically isotropic.

Specific linear correlations between r value and L.D.R. have been
established (67, 76, 77). The limited published data for aluminium
indicate a rather tenuous connection between the two criteria (78,79).
A number of investigators have demonstrated a direct relationship

between r and deformation behaviour (79-81).
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Lankford et al (57) found that the product ¥ xn produced a favourable
correlation with the drawability of steel sheet. Rennhack (82)

found orientations of maximum and minimum r demonstrated little

or no relation to the directionality in n. Solution treatment

and natural ageing tended to accentuate planar anisotropy, increase

r and decrease n.

Planar Anisotropy

Planar anisotropy occurs where the properties in the plane of the
sheet vary with respect to the rolling direction. Whilst normal
anisotropy can improve drawability, planar anisotropy is in most
cases undesirable (83). A well recognised manifestation of planar
anisotropy is the earing effect encountered during deep drawing
(57, 84, 85). Planar anisotropy has normally been measured by the

change in "r" value with orientation, that is,

ry =2lys + Iy,

2

Ar=

(28)

3.4.3 Yield Criteria

The yield criterion defines the condition under which a material
subjected to a stress system yields. Criteria which express a
similar relationship after plastic strain has occured are known as

flow criteria.
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Criteria for Isotropic Metals

If a material is isotropic the yield condition must depend on the

magnitude of the applied stresses and not upon their orientation.

Tresca (86) carried out tests on the extrusion of metals through
various shaped dies and observed that the maximum shear stress

‘THAX reached a definite value when plastic flow started. Assuming
the convention 0,3 0,2 o, then

7hAx = EL_;JEL_ = constant (29)

where 0,,9,,05 = principal stresses

A second criterion for isotropic metals is that of Von Mises (87).
This was suggested earlier by Huber (83) but, being published in
Polish, went unnoticed. The theory was introduced by Von Mises on
Mathematical grounds and defines a yield surface in stress state
with reference to the three mutually perpendicular principal
stresses (no shear components) which must be reached by the imposed
stress loading path before yielding begins (89).

2 2 2 2 2

(0, =02) + (0 = 0,) + (0, - 0,) = 2Y 6K (30)

Where Y = Yield stress in simple uniaxial tension

o
n

Yield shear stress for a state of pure shear

Hencky (90) later suggested that yield occurs when the elastic

energy of distortion reaches a critical value. Thus a hydrostatic
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pressure does not cause yielding in an isotropic material since it
produces only elastic energy of dilation. The theory is independent
of the sign of the stress since the terms are all squared and the

convention that o,> 0,> o,is not required.

Criteria for Anisotropic Metals

In 1948, Hill (91) proposed a yield criterion based on Von Mises
initial criterion, containing six parameters which specified the
state of anisotropy. Hill argued that since the Von Mises criterion
described fairly accurately the yielding of isotropic materials,
then the simplest criterion for a material which was anisotropic

was one which reduced to that of Von Mises when the anisotropy was

vanishingly small. The mathematical form of Hills criterion is (92)

2 2 2

2f(oij) = F(Uy - Uz) - G(cz - cx} - H(ox - cy)

2 2 2
+ 2L yz + 2M g5 2N xy = 1

Where F, G, H, L, M, N are parameters characteristic of the current
state of anisotropy. This criterion when applied to metals with only

normal anisotropy becomes (93)

2 2 2r 2
o, + o, -( )0101 =Y

1+r
The stress required to deform a sheet under balanced biaxial loading,
ob, is often compared with that attained under uniaxial load, ou,
which in turn is directly related to the transverse plastic strain ratio
r. Hill's theory predicts increasing stress ratio ob/ocu with increasing

r; when r <1 theory predicts ob/ou < 1 and with r = 1, ob/ou = 1,
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with ob/ou > 1 then r > 1 (94). Recent experimental work on steel
and aluminium has suggested that these conditions are not always
fullfilled (55, 95) which is inconsistent with Hill's plasticity
theory. The discrepancy between theory and experiment has been
attributed to deficiencies in the continuum approach, where the
crystallographic aspects of deformation are not considered. In
order to overcome this discrepancy, Hill's theory has been modified

by several investigators (96).

3.4.4 Strain Rate Sensitivity

Strain hardening and strain rate hardening have often been expressed

by the power law relationship,

K g™ (33)

where o = flow strength

g

k = contant

e = strain

e = strain rate

n = strain hardening index

m = strain rate hardening index

The effect of strain rate and temperature on the mechanical behaviour
of aluminium and its alloys has been reported by several investigators
(97-101). Although there is agreement that the flow stress of
aluminium is strain rate sensitive, the exact nature of this relation-
ship is not clear., Dynamic ageing due to interaction between

dislocations and diffusing solute atoms complicates the strain rate
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sensitivity of many alloys. The strength of this source of
resistance to dislocation motion is sensitive to temperature, which
influences the rate of solute diffusion, and strain/strain rate which

influence dislocation velocities (102).

Negative strain rate sensitivity, as observed in the aluminium
alloy used in experiments by Ghosh and Hecker (103), is developed
under conditions of straining in which an increase in strain rate
leads to a reduction in the strength of the dynamic ageing reaction
which is sufficient to cause a reduction in flow strength.

Negative strain rate sensitivity therefore tends to promote strain
localisation and it leads to the shear type fractures frequently
associated with solution treated aluminium alloys deformed at room
temperature. It also gives rise to jerky flow phenomena which are

commonly observed in tensile tests.

Recently there have been some useful theoretical studies of the
combined influences of strain rate sensitivity of the flow stress

and the strain rate sensitivity of strain hardening on the development
of tensile instability (42, 104). Ghosh and Ayres (36) showed that a
good correlation between terminal m value before fracture and ductility
was feasable whereas correlation between initial m value and ductility
was not. It is therefore m value near fracture and not m value at

initial yield that would be expected to control elongation at fracture.
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3.4.5 Ductile Fracture

The phenomenon of ductile fracture is widely observed among metallic
materials. Several reviews have been made amongst which are those
by Orowan (105, 106), Cottrell (107), Backofen (30) and Meakin and
Petch (108).

Experimental results show that the mechanism of ductile fracture in
materials consists basically of three stages. In the first stage
internal microscopic cavities (microvoids) are nucleated at the site
of inclusions and second phase particles; as the matrix undergoes
bulk plastic deformation (109, 110) the number of micro-voids
tending to increase with increased plastic straining. The second
stage consists of the continuous volumetric growth and shape change
of the voids, under the applied stress and strain fields, with the
volume fraction of microvoids remaining sufficiently small for the
overall macroscopic deformation of the matrix to approximate to that
of an incompressible plastic solid. The third stage consists of a
localised internal necking of the intervoid matrix, over a single
sheet of microvoids, to produce a ductile fracture surface (107, 111)

a process known as void coalescence.

An important feature of the process of void coalescence is the
abrupt intervention of a ductile fracture surface in a hitherto
continuous process of plastic flow, as demonstrated by results
(112, 113) showing the microvoids, in regions immediately adjacent

to ductile fracture surfaces, to be relatively small and widely
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spaced. Such results suggest (114) that the onset of ductile
fracture by void coalescence is due primarily to a loss of

stability by the intervention of a highly localised mode of unstable
plastic flow in the intervoid matrix with adjacent regions of the

matrix remaining virtually rigid after the onset of void coalescence.

Modes of Fracture

Ductile fracture of commercial metals and alloys can occur by two
basic modes, the fibrous mode and the shear mode. Fibrous fracture
is characterised by the formation and growth of voids from non-
metallic inclusions or second phases leading to a fracture surface
covered with equiaxed dimples. The mechanism of this mode of

fracture is fairly well understood (115, 116).

The shear mode of ductile fracture gives rise to fracture surfaces
covered with strongly oriented parabolic dimples. This mode of ductile
fracture occurs in a number of different situations including the

outer portion of cup and cone fractures, the tensile fracture of sheet
materials and the fracture of some materials under hydrostatic

pressure (117). A general model for shear fracture has been proposed
(116) which involves the development of zones of heavy shear deformation
within which sheets of voids form, followed by fracture due to axial
tensile stress. Additional features of this type of fracture are -
that where there is a strong inclusion - matrix interface such as in
aluminium alloys, voids develop only just prior to fracture and void

coalescence occurs rapidly and only close to the fracture path.

-36-



Cavity formation at Inclusions

Optical and electron metallography (111, 115, 116) and fractography
(109) have shown that the voids responsible for fracture are
frequently associated with second phase particles. Although it has
generally been recognised that some plastic strain is necessary to
form holes at inclusions most quantftative developments have compared
experimentally computed strains for hole growth and coalescence

(118, 119). There are many observations which show that large plastic
strains are often required to tear inclusions free or produce internal
fracture in them (110, 120, 121). It has been generally observed
(115, 122) that while inclusions with large aspect ratios may undergo
multiple internal fracturing, equiaxed inclusions almost always

nucleate holes by interfacial separation.

Considerations of inclusion separation can be grouped into three
categories, energy criteria, local stress criteria, and local strain
criteria. Gurland and Plateau (123) proposed that cracks at interfaces
could form when the locally concentrated elastic strain energy which
could be released on decohesion becomes comparable to the energy

of the surfaces to be generated. The effect of the relative surface
energies is to influence the mode of void formation by either interface
failure or by particle failure. The two possibilities are governed

by the expressions:

Y=ym + Yp - ymp (34)

for fracture of the interface, and
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Yy = 2yp (35)

for fracture of the particle

where wm = surface energy of the matrix
yp = surface energy of the particle
ymp = surface energy of the particle-matrix interface

Variations in the value of o along the surface of an individual
particle, presumably by some form of contamination, have been shown

to inhibit void formation locally (124).

Gurland and Plateau (123) have attributed cavity formation to
impingement of dislocation pile-ups at inclusions in the manner
proposed by Zener (125). Ashby (126) has discussed an alternative
in which primary deformation incompatabilities do not produce
cavities directly, but initiate highly organised secondary slip

by punching out dislocation loops form the matrix/inclusion inter-
face to reduce the local shear stresses. These loops then form
reverse pile-ups and can build up increasing interfacial tensile
stresses until they reach the interfacial tensile strength when a

cavity if formed.

It has been shown (127) that interfacial stress will increase with
strain hardening and triaxiality. Both of these effects reduce
ductility. Both theoretical (119) and experimental (128) results
suggest that a state of triaxial tension promotes microvoid coal-
essence. Such a stress state is obtained in a necked uniaxial

tensile specimen, or in thick sheet, below the root of a notch
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in bending or tension.

Models of Ductile Fracture

Over a number of years many models have been proposed to explain

some of the experimental observations in ductile fracture.

In the models of Gurland and Plateau (123) and of McClintock (129)

a continuum mechanics approach was used. Cavities were assumed

to be present in the unworked material or to form at inclusions

at the onset of plastic deformation. The Gurland and Plateau

model shows that the strain at fracture is a function of the volume
fraction of particles or inclusions present, which is in agreement
with the experimental observations of Edelson and Baldwin (130), and

the mean free path between particles.

The models of Ansell and Lenel (131), Ashby (126) and McLean (132)
use dislocation mechanisms to calculate the onset of yield, void
formation and growth. The model of Ansell and Lenel (131) was
proposed to explain the effects of a dispersion of second phase
particles on the yield strength of metals. The yield stress was
shown to be proportional to the reciprocal square root of the inter-
particle spacing in agreement with the experimental work of Roberts
et al (133) and Lenel et al (134). In the Ashby (126) model the
back stress, exerted by dislocation loops formed around particles
during plastic flow, is relieved by a process of secondary slip.

The details of the calculation snow that the stress increases linearly
with strain and with particle diameter. Hence, large particles

will form interfacial voids before small ones, a fact observed
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experimentally (123, 124). The model proposed by McLean (132)

is based upon the formation and subsequent growth of a vacancy loop
at the particle matrix interface. Growth of the loop into a crack
is considered to occur by coalescence with other loops or by

absorption of edge dislocations.

More recently models have been proposed by Melander (135, 136) and
Needleman and Rice (137). These can be divided into two types.

In one category of models (135, 136) a detailed study is made of
the influence of the initial void distribution on the fracture
strain. The flow properties of the matrix material are, however,
described in a crude way and the arrangement of voids is only two
dimensional. The other category (137) studies macroscopic shear
instabilities caused by void growth. The void distribution in
these models is usually assumed to be in a regular three-dimensional

network. The work hardening properties of the matrix material

are taken into consideration.

In most commercial materials voids are created at second phase
particles. In several of the above mentioned models the voids

are assumed to grow as if the particles were not present. In a
recent study (138) it has been shown, however, that the void volume

and shape are significantly influenced by the particles.
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3.5 FORMABILITY

3.5.1 Assessment of Formability

Traditional evaluations of formability are based on both fundamental
and simulative tests. Within the first category are direct measure-
ments of mechanical properties derived from a standard tensile test,
such as yield stress, tensile strength, total elongation and
measurements of hardness (139-142). Property levels required for
successful stampings are determined either from an accumulation of
many past trial and error attempts on similar stampings, or from

Tong statistical correlations with press performance data.

The relationship between test results and press performance data is
often unclear. Specifications so established are only partially
valuable for selected stampings. Work by members of the International
Deep Drawing Research Group (I.D.D.R.G.) (143-147) has contributed

to a better understanding of this problem.

3.5.1.1. Simulative Tests

swift (148-151) carried out a basic scientific study of the stresses
and strains induced in a sheet during the drawing operation, press

load requirements and limitations of the drawing process. Particular
attention was given to the Wedge-drawing test (152) and he subsequently

proposed a deep drawing test (153, 154) known after his name.

The problem of assessing the deep drawing qualities of sheet metal
has been the subject of extensive investigations and is frequently

referred to in literature on sheet metal working (155-159).
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Stretch Forming Tests

In these tests the material is mainly subjected to a system of
balanced biaxial tension, stretch forming being effected by means of
a solid punch or through fluid pressure. Methods include the
Erichsen Test (160-162), hydrostatic bulge test (163), K.W.I.
expanding test (164, 165) and Giths stretch test (166, 167). The
Erichsen test has recently been modified (168, 169) to improve its
reliability and assessed for reproducibility between different

laboratories (170).

Wedge-Drawing Tests

These tests consist of drawing a wedge-shaped specimen through a
similar shaped die in a tensile testing machine. Test results are
evaluated in terms of the maximum drawable width or length of wedge.

Sachs test (171) is an example of this method of test procedure.

Deep Drawing Tests

Here, specimen blanks undergo a true deep-drawing operation in a
press, the basis of measurement and comparison being the maximum
diameter of blank that can be drawn with a punch of specified size
and geometry. This test gives rise to the value known as the

1imiting drawing ration (L.D.R.)

L.D.R. = (Do) Max (36)
d
where 0
Do = blank diameter

do

punch diameter
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Examples of these tests include Blume's draw value (172), the A.E.G.
test (173-174), Schmidts method (175), Swift's cup drawing test

(147, 153, 154), Beisswangers cup redrawing test (176) and the conical
cup test (177, 178).

3.5.1.2 Combined Simulative Tests

Due to a lack of real success using the previous test methods, attempts
to assess deep drawability were made by means of various combinations
of simulative test. 1In all of these tests the material undergoes an
initial forming operation which simulates, either partly or fully

the deep-drawing operation. This is followed by stretch forming

(179, 180) expanding or tearing off tests (181-187) performed for

the exhaustion and consequent evaluation of the residual capacity

for deformation of the sheet material tested.

3.5.1.3 Forming Limit Diagrams

In 1946 Gensemer (188) demonstrated that deformation at the point

of fracture varied with the ratio of principal strains. Thus by
measuring the principal surface strains, e and €5, the formability
of sheet metals might be assessed. The experimental measurement

of these strains, carried out by Keeler (189) and Goodwin (190)
formed the basis of the forming 1imit diagram (F.L.D.). A technique
developed by Nakazima (191) appears to be the most practical for the
investigation of limit strains as it utilizes equipment already

present in most metallurgical test laboratories without the need
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for excessive specimen preparation.

Other investigators have used different techniques to vary major
(e;) and minor (e,) strains at failure. These include punches of
various shape (50) and lubrication, elliptical shaped blanks with
variable hold down (192, 193), tensile specimens of differing
configurations (194, 195), hydraulic bulges of various geometries
(193, 196) and the stretching of variable eccentricity, reduced

thickness patches in the plane of the sheet (37).

Explanations have been put forward for the existence of forming
limit curves, based on either ductile fracture (50), diffuse
instability (197), localised strain concentration or a combination

of these theories (198-200).

Measurement of the F.L.C.

The first attempt to develop a technique which could assess the
strain distribution in a material was the one inch square test
(201, 202). For many automotive stampings, however, a grid
spacing of one inch is too large to measure strain distributions
and peak strains accurately (189, 190, 203), since the critical
strain may exceed over as little as 0.2 square inches (189).
Furthermore, the squares are seldom oriented to indicate directly
the principal or maximum strain. The scribe mark can also
introduce stress concentrations as evidenced by breakage along

scribed lines. It was quickly realised that the use of a grid

-44-



composed of circles had major advantages over squares.

Early attempts at creating a rapid grid marking system involved the
use of a rubber stamp and marking ink (204). Resolution, accuracy,
and the adhesion of the grids were limited. Photographic methods
(204, 205) produced the first accurate and highly detailed grids.
The system currently in common use for producing small diameter
circular grids, or any other desired pattern, is electrochemical
marking (206-209). The circle grid method and its applications have
been reported by several authors (210-212). Several grid methods
have been developed (213-215) which enable a step wise analysis of

the deformation and hence the analysis of strain path.

There is much controversy about the limit strains which define the
F.L.C. Up to the present time there is no clear understanding as

to which distorted circles must be measured. Woodthorpe and

pearce (193) and Veerman (217) proposed graphical and interpolative
methods. In the absence of strain gradients, both methods are
equivalent to that of Keeler (50). A more stringent laboratory
definition, such as the onset of diffuse necking (218) or a strain
gradient (37) does not take full advantage of the material's ability
to deform. Any definition more lenient, such as fracture (194, 219),
permits the existence of local necks which are unacceptable structural

and appearance defects.

A change in surface roughness has been used as a criterion for the

forming limit (220, 221).
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Factors Influencing the F.L.D.

Parameters such as sample orientation, cleanness of the metal,
sheet thickness, strain path, strain gradient, strain rate,
temperature and test procedure have all been reported to influence

the level of the F.L.C. (221-224).

The avoidance of forming problems by use of a thicker sheet is a
widely used practice. Kleemola and Kumpulainen (225) found that
sheet thickness does not influence the 1imit strains if a "correct"
experimental procedure and Timit strain definition is used. They
suggest the improvement in formability with sheet thickness is due
to an increased necking zone and not to a thickness dependence of

the limit strains.

Ayres and Wenner (226) investigated the effects of temperature and
strain rate on F.L.D.'s. They found for aluminium that at 130°C

a modest increase in limit strains results only at the slowest punch
rates. At 200°C the F.L.D. becomes a much stronger function of
punch rate. For both 130°C and 200°C they found a tendency for

the biaxial portion of the F.L.D. to extend to larger values of e,
for slow punch rates. Strain rate hardening was found to more

than offset any decrease in strain hardening due to elevated temperature.
Even at constant punch rate, the strain rate varies in the deformed
sheet because of strain gradients which develop as punch height
increases. The strain rate gradient alters the local values of n

and m to effect the strain distribution. It is known (227) that
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aluminium alloys behave differently under biaxial tension than
under uniaxial tension and also that the rate of hardening may
decrease markedly at strains larger than those found in the tensile

test (228).

Recent work on sheet metal formability has shown that the position

of the F.L.D. depends not only on the material properties but also

on certain geometrical factors related to the method of determination.
It has been shown that the limit strains increase with increasing
punch curvature (1/R), at constant material thickness (222). Strain

gradients alone, under essentially plane stress conditions, have

been shown to cause an increase in limit strain (229, 230).

According to Ghosh and Hecker (229) the presence of strain gradients
modifies the instability condition which applies for in-plane
stretching and retards the formation of a local neck. This would
suggest that for a given material the particular F.L.C. corresponding
to the proper material thickness and radius of curvature should be

used in actual strain analysis problems.

Analysis of F.L.D.'s obtained using two different strain measurement
techniques showed that limit strains obtained from photoelastic
coating measurements were invariably greater than those obtained
from circle grid measurements (231). It was found that the largest
difference between the two curves occured when a fracture criteria
was used for F.L.D. determination, reaching as much as 12% in plane

strain. This difference decreased when F.L.D.'s were determined
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using a loss of stability criterion.

Workers (232) have found that the deviation of forming limits is
much greater than could be accounted for by an analysis of the
experimental technique. This suggests that the failure process in

sheet may be a probabilistic phenomenon.

Theoretical Estimate of the F.L.D.

Theoretical examination of the F.L.D. has been based on plastic
instability conditions. Following Hill, Keeler and Backofen (50)

derived local and diffuse instability conditions for various states.

For the purpose of analysis the F.L.D. can be divided into two parts,
one region where e, <0 and one where e, > 0. In practice, most
failure sites in pressed sheets occur in the biaxial stretching
range and in the vicinity of plane strain. On the left hand side
the F.L.C. can “usually be represented by a straight line between
the points of simple tension, a = 0 B8 = -0.5 (where @ = the stress
ratio % /s, and 8 = the strain ratio €./e,,) and plane strain,

a = 0.5 8=0. The region e, > 0 is representative of stretch

forming operations upto biaxial tension, a =1 8 = 1.

According to Hill (51) when a > 3% there can be no line of zero
extension in the plane of the sheet and so local necking should not
be possible. However, local necks are observed during biaxial

stretch forming operations (52).
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Marciniak et al (198) have shown that the phenomenon can be explained
if 1t is assumed the material contains an initial inhomogeneity.
The Marciniak and Kuczynski (M-K) theory describes failure in a

sheet which is deforming in a proportional biaxial straining process.

An inhomogeneity in the form of a shallow groove is assumed to

exist within the sheet. The thickness of the sheet is t, and the

A
residual thickness at the groove is tB so that the non-uniformity

is defined by an initial thickness factor fo.

fo = f; where fo < 1 (37)

{SEw > 551-}

FIG 8. A schematic view of how the strain state in an incipient
trough (B region) can approach plane strain while propor-

tional straining is maintained outside (A region). (37).
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Uniform proportional straining takes place in regions of the sheet
remote from the inhomogeneity, while within the groove region the
strain levels are increased and the strain state changes progres-
sively. Failure occurs when the strain rate in the groove reaches
some critical value or when a state of plane strain (d e, )B =0

is reached. Non-uniformities could arise from many different sources

such as voids, inclusions, geometric factors and surface defects.

Azrin and Backofen (37) showed experimentally that artificial

troughs have to be much deeper than those predicted by the M-K theory.
Marciniak et al (43) extended their theory by taking into account

the strain rate sensitivity and the possibility of fracture before
plane strain is reached in the trough. Yamamoto (233) demonstrated
that ductility in plane strain and axisymmetric tension predicted

on the basis of a model of void growth was unrealistically high unless
an initial imperfection consisting of a perturbation in void content

was assumed.

Kaftanoglu (234, 235) has developed a strain propagation theory
which can predict the onset of fracture in hydraulic bulging

and stretch forming. The theory is difficult to apply because of

the large computer programme and extensive numerical analysis
required. Ghosh and Hecker (103) have predicted a criteria for punch
stretching based on the maximum punch load and experimental measure-
ment of strains during incremental straining. They found no need

for the assumption of initial troughs to explain local necking as

has been stated by Marciniak and Kuczynski (198). Experimental
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evidence does not support the 'M-K' theory conclusively (37, 232)
and it is now widely believed that the important inhomogeneities
may not exist in the original sheet but instead are created during
straining as a result of the discrete nature of the plastic

deformation process (236).

3.5.1.4 Fracture Maps

In addition to the F.L.C. there is also a second envelope which can
be drawn in principal strain space, and this is shown schematically

by the broken line in Fig 9.
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FIG 9. Limit strain curve and fracture strain curve in the case of

an Al1-Mg alloy, 5154, tested at room temperature in the annealed
condition. €, and €, are the major and minor strains in the plane

of the sheet respectively (237).
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This indicates the strain in the material when fracture occurs and
lies at major strains greater than the F.L.C., due to the additional
non-uniform plastic strain associated with the strain concentration
or localised necking process (237, 238). The straining process
between the limit strain and fracture tends towards plane strain
(239), so that the strain path is curved. The work of Glover et al
(238) demonstrated that in sheet metal processes, formability is not
only determined from the strain path and F.L.C., but there is also

a competition between necking and fracture which can control

formability in some cases, Fig. 10.

SHEAR ;><’“
FRACTURE

SHEAR 7 NN
FRACTURE

MINOR STRAIN , £

FIG.10. Forming limit curve showing a maximum shear stress fracture
curve superimposed on a forming limit curve (238).

There are a variety of possible failure criteria that may be applied

to sheet materials, although each criterion will be relevant only to

a limited number of materials, metallurgical conditions, forming
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operations, or loading paths: One of the reasons for using these
mapping techniques, is to provide a basis for comparison of failure
mechanisms occuring under different loading paths, when failure

criteria can be expressed in terms of the microstructural variables

of the material.
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FIG.11. Schematic diagrams showing (a) the failure curves for the
criterion that the maximum principal strain at failure e,,
ha§ a'constant value (full line) and that the maximum
principal stress at failure has a constant value (dashed
line) (b) failure curves based on theory of localised
necking (full line) and of constant value of tensile work

done at failure (dashed Tline).
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The usefulness of these diagrams can be demonstrated by superimposing
the maps for these criteria to see how the governing criterion may

depend on stress or strain path.

3.5.2 Effect of Load Path on Formability

The effect of stress state on the flow stress can be estimated using
Hi11s model of anisotropy (92). Experimental work shows that Hills
model cannot be used in describing the biaxial flow behaviour of
many sheet materials (240-242). Recently Hill (243) proposed a new
yield function to account for these anomalies. However, several
investigations (56, 244) indicate that in addition to the amount of
prior plastic deformation, the strain history influences the flow
stress. This can be explained by the finding that the texture and
microstructure developing during deformation depend on the stress
state (245, 246). The influence of loading path on instability has

been investigated experimentally (247-248).

3.5.3 Effect of Strain Path Changes on Formability

There is evidence that changes in the mode of deformation can alter
the formability of sheet steel (56, 249). Biaxial prestraining has
been found to reduce the uniaxial ductility of low carbon steel

when compared with its ductility in continuous uniaxial tensile

deformation (56). It was shown that such effects might arise from
increased hardening under biaxial tension, resulting in a premature
loss of stability when the deformation mode is changed from biaxial

to uniaxial tension. Experimental work (249) shows that prior
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straining along a uniaxial tensile path enhances subsequent biaxial
ductility. Because of a failure to identify the useful formability
parameters Laukonis and Ghosh (250) carried out a study to investigate
possible differences in behaviour between material belonging to
different crystallographic classes. They concluded that, for the
metals investigated, the residual formability was reduced in
proportion to the magnitude of balanced biaxial prestrain; for
2036-T4 aluminium the plane strain level of the FLD remained
unchanged whereas for A-K steel it decreased. Biaxial n for steel
was found to be greater than uniaxial n and vice-versa for aluminium.
The magnitude of r dropped with prestrain for A-K steel, for

aluminium no measureable change in r was detected.

3.6 CHARACTERISTICS OF ALUMINIUM ALLOYS

Alloying aluminium with other metals increases the strength and
hardness but this generally involves some sacrifice to ductility

and the modification of other characteristics. The principal

alloying elements are copper, magnesium, silicon, manganese and

zinc which, either singly or in combination, are added to produce

the properties required. A description of alloy characteristics

will be limited to the three groups utilized in the research programme,

namely 2xxx, 5xxx and 6xxx series alloys.
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3.6.1 The Al-Cu and Al1-Cu-Mg System

Copper is one of the most important alloying elements added to
aluminium. It is mainly added to increase the strength, at low
temperature by heat treatment, at high temperature through the -

formation of compounds with aluminium, {ron, manganese, etc. (251).

The addition of magnesium to Al-Cu alloys accelerates and substan-
tially increases the room temperature or natural ageing responses
of these alloys. A small addition of manganese also improves the

strength without affecting ductility.

Ageing Responses of Al-Cu Alloys

In the age hardening of Al-Cu alloys, five structures can be
recognised. Age hardening at room temperature is due to the
formation of Guinier-Preston (G.P.) zones from a supersaturated

solid solution (S.5.5.S.) as follows:-
$.5.5.S. = G.P.(1) » G.P.(2) + o'+ @ (CuAlz)

G.P.1 zones consist of plate-like clusters of copper atoms segregated
onto the (100) planes of the aluminium matrix (252). Natural ageing
of these alloys, irrespective of copper content, produces zones
which are only a few atoms thick and reach a maximum diameter

of approximately 50 A. The formation and growth of G.P.1 zones is
accompanied by hardening and decreased ductility which has been

attributed to distortion of the lattice (253) and pinning of
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dislocations (254).

G.P.1 zones are eventually replaced by G.P.2 zones. This replacement
occurs during the time that the hardness remains constant (255).

The G.P.2 zones, often designated e", are larger than G.P.1 zones

and their number correspondingly smaller (256) since the amount of
copper in the zones does not change radically. There is some dis-
agreement as to whether the G.P.2 zones form separately or from the
G.P.1 zones (251) or by independent nucleation and growth within the

G.P.1 zones (258).

Some authors (259) maintain that the ' phase forms by independent
nucleation whereas others (260) report that e' phase forms from the
G.P.2 zones. It is generally accepted that ¢' is a definite phase,
separate from the matrix (261) so that no coherency strains exist, but

with each particle surrounded by a ring of dislocations (262).

Eventually the o' phase is replaced by a(CuAIZJ which has the same
structure and composition as the e phase formed by solidification (263).
e can form from 6' or directly from the matrix. When it forms from
e', direct formation by rearrangement of the atoms has been suggested
(264), but most investigators accept independent nucleation and

growth in or near the @' phase (265).

Ageing Response of Al-Cu-Mg Alloys

The Al-Cu-Mg alloys also harden at room temperature by the formation

of G.P. zones. These zones consist of groups of Cu and Mg atoms

-57-



which cluster on the (210) planes of the aluminium matrix (266). The
exact shape of these zones is not clear although it has been
suggested that they are rod shaped (266). Stacking faults are a

preferred site for precipitation.

The next stage in the ageing sequence is the rearrangement of dis-
ordered zones to form ordered zones designated S". These zones are

still coherent with the matrix as they grow.

Further rearrangement within the S" zones results in the formation
of the transition phase S' (CuMgA12) which is semi-coherent with
the matrix. Eventually the S' phase grows until the particles are
no longer coherent with the matrix and the equilibrium S phase

(CuMgAIz) is formed.

The ageing sequence for Al1-Cu-Mg alloys is therefore

$.5.5.S. + G.P. zones + S" S' + S (CuMgA]z)

3.6.2. The Al-Mg System

Magnesium, when alloyed with aluminium, provides significant
strengthening and a high rate of work hardening. Because Mg has a
large solubility in aluminium, precipitation does not normally occur.
Thus the Al1-Mg (5xxx) series alloys are non-heat-treatable. A small
amount of manganese may be added to increase effectively the tensile
strength. The main effect of Mg is to increase the work-hardening

capacity of aluminium, possible through an effect on stacking fault

-58-



energy, which gives greatly improved stretchability in sheet alloys.

3.6.3 The A1-Mg-Si System

These 6xxx series alloys are precipitation hardenable. Levels of Mg,
Si and Cu are controlled to provide required yield strengths and, in
addition, optimum response to artificial ageing. Levels of Mn, Fe
and Ti are controlled to optimize fabricability and to promote a

structure conducive to good formability.

Ageing Response of Al-Mg-Si

Precipitation hardening in A1-Mg-Si alloys commences with the formation
of small Mg and Si rich spherically shaped, G.P. zones (267).

At a very early stage in the ageing sequence these zones elongate in
the (100) matrix direction to form coherent, needle shaped, precipitate

particles designated as 8" (268).

On further ageing these needles transform by three dimensional growth
to produce the semi-coherent, rod shaped 8' (MgZSi) particles. The
final stage of transformation in the ageing sequence is the nucleation
of the equilibrium (Mg251) phase at the g' matrix interface which

grows at the expense of the g' phase to form plate-like particles.

The ageing sequence is therefore

S$.5.5.S. = G.P. zones + g" + g' (MgZSi) + 8 (MgZSi)
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3.6.4.

Aluminium alloys generally available for use in the automotive

Aluminium Alloys: A Comparison

pressing industry are shown in table 1 together with Mechanical

property levels claimed by the manufacturers.

Alloy 0.2% Proof U.T.S. |%E1 on| VHN n fr tIE
Stress (N/mm®) | (N/mm®) | 50 mm

2117 CP-TB 184 329 25 81 2417 <79 9.0

2117 A-TB 180 330 24

2002 185 335 24

2036-TB 190 330 24 .244

BB2 60 160-200 | 18 48

BB3 85 215-275 | 14 59

5182-0 148 285 20 .334 8.4

6009 128 230 24 .230} .70

6010 180 294 23 .220| .70

Table 1. Mechanical properties of some commercially available
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2xxx and 6xxx series alloys are normally supplied in the T.B.-temper,
as defined in BS1470, while 5xxx alloys are usually O-temper. Both
2xxx and 6xxx alloys possess mechanical properties and other physical
characteristics approximating to mild steel pressings which it is

intended to replace in vehicle cabs and automobiles.

The 5xxx alloys are primarily intended for use on lTow strength panel

sections where higher formability is required as is 6009.

Ageing characteristics for the heat treatable alloys are generally
quoted as being between 4-7 days at room temperature. Some of these
heat treatable alloys may benefit from longer ageing times eg. BA 2117

because of the subsequent suppression of Luders bands.

Corrosion resistance of all alloys is said to be better than that of
steel. However, some sources have reported several of the 2xxx
alloys suffer from inferior resistance to corrosive environments

when compared with 5xxx or 6xxx alloys.

Spot weldability of these alloys has been widely investigated and
figures between 200-2000 have been claimed for the number of spot
weld operations performed before re-dressing of the electrode tips is
required. These figures aer usually claimed for laboratory trials

but have not been substantiated by press shop data.
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Alloy availability is in most cases limited so that adequate supplies
would not be forthcoming should a motor vehicle manufacturer decide

to utilise aluminium in the components on his production line.

Because of the lack of reliable or consistent data on alloy properties
published by bodies involved in the production and supply of aluminium
it was decided that the initial phase of this research should be to
establish true alloy characteristics. By doing this a valid comparison

of alloy performance could be made and the most promising alloys

selected for further detailed investigation.
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4. EXPERIMENTAL PROCEDURE

4.1 Materials

The alloys investigated during the course of this research programme
were supplied by Leyland Cars Ltd., and British Aluminium Co Ltd.,

and were manufactured according to the specification of the Aluminium
Federation. Alloys are referred to by the designations laid down in
AFNOR Norm A02-104. A1l alloys had chemical compositions within the
limits specified by AFNOR A 50-451. Identity, condition and composition

of each alloy are shown in table 2.

4.2 Heat Treatment

Standard tensile specimens 165.1 mm (63 inches) were machined from the
as received sheets in five directions. Small samples were cut along
with the tensile specimens for subsequent metallographic work or
alternatively a small piece was eventually cut from the tensile grip
end of the samples after they had been heat treated. These were then

used for optical metallography and the determination of hardness values.

The main part of the materials were divided into two groups for heat

treatment as follows.

Group 1

This group consisted of tensile samples cut at 90°, 45° and 0° to

the sheet rolling direction. It was comprised of two further subgroups
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both solution treated prior to further processing.

Group 1A

Tensile samples in this group were solution treated at 504 t 2°C for
4 hours in an air circulating furnace. Furnace temperature was
constantly monitored using a chromel-alumel thermocouple positioned in
the close vicinity of the samples. After removal from the furnace the
samples were hot water quenched and refrigerated in a chest freezer at
-15 to -18°C. Samples were subsequently allowed to age naturally,

for periods ranging from 1-32 days, at room temperature.

Group 1B

These tensile samples were solution treated in the same way as group 1A.
They were then heat treated for 15 minutes at 150, 170, 190 and 210 z
2°C in an air circulating furnace to simulate possible paint stoving
cycles. Furnace temperature was stabalized before insertion of the
samples. Temperature was constantly monitored using a chromel-alumel
thermocouple positioned in the close vicinity of the samples. After
removal from the furnace the samples were hot water quenched and
refrigerated in a chest freezer at -15 to -18°C to await mechanical

testing.

Group 2

As for group 1 this group consisted of tensile samples cut at 90°,

45° and 0° to the sheet rolling direction. It was comprised of two
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further subgroups which were processed from the as received condition.

Group 2A

Samples were heat treated as before in an air circulating furnace for
15 minutes at 150, 170, 190 and 2107 2°cC. Temperature was monitored as
for groups 1A and B, After removal from the furnace the samples were

hot water quenched and refrigerated in a chest freezer at -15 to -18°C.

Group 2B

Samples in this group were marked with a 50mm gauge length in the centre
section of the specimen. These specimens were then prestrained 15% on

a 50mm gauge length using an Inston 5 tonne tensile testing machine
model TT-CM with a preset crosshead speed of 2mm/min. The specimens

were then heat treated and stored as for group 2A.

4.3 Mechanical Testing

4.3.1 Uniaxial Tensile Testing

Tensile tests were carried out on an Instron 5T tensile testing machine
model TT-CM using a crosshead speed of 2mm/minute. Specimens were marked
with 30mm and 50mm gauge lengths. Specimen width was measured, at

three positions along the gauge, accurate to ¥ 0.005mm using a

micrometer and averaged. The specimens were subsequently pulled to
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failure.

From the Toad extension curve obtained values of 0.2% offset yield
stress, tensile strength and total elongation were obtained and

conversions to true stress and strain were made using the relations

% = -E‘ (1 +e) (38)
e =1In (1 +e) (39)
where % = True stress

€ True strain

P = Load
e = Engineering Strain
A = Original cross-sectional area

The uniform elongation was taken to be the elongation at maximum

load. This was derived using the relations

Lf =Lo (1 +u) +N (40)
Lf30 = 30 (1 + u) + N
Lf50 = 50 (1 + u) + N

(Lf50 - Lf30) = 20 (1 + u)

where Lf(i) = Final value of initial gauge length i

u = Uniform elongation

N

Elongation due to necking

Elongation values obtained from gauge length measurements were

validated by strain gauge data.
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An Instron 50mm strain gauge with 50% extension capability was used

in conjunction with an X - Y graph plotter.

The range of straining during the tensile test was extended to

values approaching twice the norm by the following method. Tensile
specimens were strained to approximately 90% of their uniform
elongation value. These specimens (two for each alloy investigated
at 0°, 45° and 90° to the sheet rolling direction) were then attached
to a carrier strip, in the form of a tensile specimen of the same
material cut at the same angle to the sheet rolling direction, using
‘superglue’. This was found to produce a good bond providing the
specimen surfaces had been adequately degreased and cleaned prior

to gluing.

The composite specimen was strained until failure approached.
Specimens were separated using a sharp knife and a new composite
produced using the original tensile specimen and a new carrier

strip. The new composite specimen was then pulled to failure.

Elongation values measured during extended tensile straining were
recorded by the use of an infra red non-contacting extensometer,
1000mm extension, model TTOX 100 built by J.J. Instruments Ltd.
Small stick on markers with high infra-red radiation reflection
were used to mark a 50mm gauge length. The conventional method
of using lightly scribed lines was also employed as a cross-check

facility. Output was to a calibrated X - Y graph plotter.
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FIG.13. Load-strain curve showing analysis of alloy behaviour
in the extended strain range.

Fig 13 shows typical load/strain curves produced. Curve A
represents material behaviour for a single tensile specimen strained
to 24%. Uniform elongation would be approximately 25-26%. The
specimen, when glued to a prestrained (5%) backing strip, would,

if pulled to failure, produce a curve of type B. Curve C

represents the behaviour of a single test specimen after 5% prestrain.
If curve C is subtracted from B we arrive at curve D which is
representative of the behaviour of the specimen undergoing extended

straining.

4.3.2 r Value Measurement

The strain ratios were determined as
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= W wo _ 1n (wo/wi)
€t €y Tﬁ'%%%gz;f
Where € = True strain in the width direction

€y = True strain in the thickness direction
ey = True strain in the length direction
Wo = Original Width
Lo = Original length
Wi = Width at strain increment i
Li = Length at strain increment i

Tensile specimens were machined such that the measured portion of
the gauge length was parallel to better than 0.01mm total deviation
within 20mm either side of the centre line. The specimen was

marked out as shown in Fig 14.

-

SCR1BED r_

ARC _'_-'T = [

-

rI
NOMINAL

GAUGE = &
LENGTH £ e e
ror N 4

MARK

FIG.14 Dimensions and marking of r - value specimens.
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The arc was scribed using a pair of dividers and the pop mark

was as light as possible.

The width of the specimen was measured in three places along the
40mm scribed gauge length, accurate to z 0.005mm, using a micrometer
and averaged. A pair of callipers were set to a fixed strain
increment (1mm) and the specimen strained at a crosshead speed of
2mm/min until the calliper leg coincided with the scribed arc, the
other leg sitting in the pop mark. Using callipers the gauge length

could be measured accurately to f 0.02mm.

When the strain increment was reached straining stopped and width
measurements were taken to the best 0.005mm at three places and
averaged. Width measurements were discarded if they were not
similar to within 0.0lmm. At the end of the test necking was found
to cause the width measurements to fall outside the allowed band.
Measurements then ceased and the specimen was strained to failure.
Using a graph of width strain against length strain, the r-value

is readily calculated from the slope and any variation of r-value

with strain level is apparent as non-linearity.

4.3.3 Strain Hardening Coefficient (n)

The n value was determined by plotting a log true stress versus
log true strain curve to produce a line of slope n. This measurement

assumes that the material obeys the equation
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n values were determined for aluminium alloys in the as received
condition at 0°, 223%°, 45°, 673° and 90° to the sheet rolling

direction.
4.3.4 Punch Test

The alloys under investigation were subjected to the Erichsen test
as stipulated in B.S. 3855, 1965. The equipment used was an
Erichsen sheet metal testing machine model 131 incorporating an
indentor, die and blankholder conforming to the above British Standard.
A1l tests were carried out at room temperature. The circular material
blanks and indentor were degreased and a solid film lubricant
(polythene, 0.08mm thick) used. Blankholder load was set at 1000Kgf
and ram speed at 10mm/minute. The end point was teken to be the
point at which a cfack accured through the full thickness of the test
piece sufficient to allow light through part of its length. Depth

of indentation was measured to the nearest 0.lmm.

S5:otdia.

Depth of
pcnelration(IE) 27 ta-0sdia.

\/ X
075204 075 *0-08

\ 3+0r  20min.

075%04
rad,

Die

/

\
¥
%
2

20 min.

NN
IN

4

‘ i
| A
EMm‘/ L«,@ -
piece
33204 dia \
h Penetrater

55diamn

FIG.15. Dimensions (in millimeters) of punch test penetrator,
die and blankholder,
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bulge tests were carried out on a machine produced by

~

1sion Engineering Co. Ltd and shown in Fig. 16.

Hydraulic bulge test machine and extensometer.

nsometer unit was essentially an instrument for measuring

curvature, and the extension of the central region of
men as it deformed under hydraulic pressure through a
rested on the surface of the deforming

during testing. Movements of the two device

extensometer were registered using dial gauges. The

~73-
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hydraulic pressure being applied to the specimen was measured via

a pressure gauge. Effective stress and strain in the deforming sheet
were then calculated. The strain in the polar region could be
calculated by considering the increase in the diameter of a circle

at the pole (initial diameter Do on the undeformed sample) as

measured by the extensometer shown in Fig 17(a).

(a)

(b)

FIG.17 Schematic diagram of (a) the extensometer unit (b) the
spherometer unit used in the hydraulic bulge test.
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If the strains in the pole region are assumed to be uniform, then

the membrane strain in all directions at the pole is given by
e=1nD (41)
Do

where D = diameter of circle Do at any given degree of deformation

Now assuming that the specimen in the pole region is part of a

spherical shell, the membrane stress is given by

(42)

P

where P = Hydrostatic Pressure

R = The current radius of curvature as measured by the
spherometer. Fig 17 (b)

t = Current thickness

The current radius of curvature can be calculated from

R=a® + R (43)
2h

where a and h represent the quantities shown in Fig 17(b).

The current thickness t is geven by the relation

t = t, exp (-2¢) (44)
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where t, = Initial specimen thickness

Using the well known equations of effective stress (o) and effective

strain ()
2

s ([loy= 05} + (og= 0y) + { ay= 9,) 1/2 }

7 2[(e, - :a,)z + (e, '53)2 * {e; -el)zl}/3

o]

E

it can be shown that

9 =0 (45)

m
n

and 2 (46)

The above analysis however is based on the assumption that the

sheet is isotropic, and that measurements taken in the X and Y
directions would be identical. The interpretation for anisotropic
sheet can therefore be more difficult as reviewed by Duncan et al

(269). They have suggested however that the effective stress and
effective strains for materials with planar isotropy, such as aluminium,
can be calculated as above and that these are equal to the through

thickness stresses and strains.

4.3.6 Forming Limit Diagrams

The procedure used for determining F.L.D.'s for the various alloys
was similar to that described by Hecker (270). Samples were first

gridded with 1.93mm diameter overlapping circles, as described in
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section 4.3.7, so that the limit strains could be measured. F.L.D.'s

were determined using friction and nonfriction conditions.

Forming limits determined under friction free conditions were produced
by using a combination of eliptical dies during hydraulic bulge
testing and shaped tensile specimens. For strains in the region

€1 >€2> 0 specimens were bulged through a circular die 118mm in
diameter and three eliptical dies with critical aspect ratios of

0.68, 0.55 and 0.44. Plane strain and tension conditions were
obtained using tensile test pieces of varying gauge length: width
ratio. Due to the size and shape of these tensile specimens it was
necessary to pull them to failure using a 50T Denison Compression

machine model T42 B4.

The second method used to produce F.L.D.'s under frictional conditions
was that due to Nakazima (185). The sheet metal specimens were
blanked to a diameter of 115mm using an Erichsen sheet metal testing
machine model 123, clamped at the periphery and stretched over a

50mm diameter hemispherical steel punch using an Erichsen sheet metal
testing machine model 131. The die faces were grooved and sufficient

clamping pressure was applied to prevent any draw-in.

Several specimen widths and two types of lubrication were used to
determine the F.L.D.'s over the required range of strain ratios.
Specimens ranging from 115mm - 5mm in width were stretched over the
punch with either no Tubrication, Solid film lubricant (polythene

0.08mm thick), or molybdenum disulphide grease.
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As well as tests carried out on defect free sheet specimen
inhomogeneities were introduced into some of the test specimens in
the form of grooves with known geometry and depth. These were cut
into the material using a Vickers microhardness testing machine
incorporating a diamond tip normally used for applying surface grid
lines. Loads varying from 50gr to 300gr were applied to produce

shallow V-notch scratches with an included angle of 120°.

Forming 1imit curves were then constructed from strain measurements
of the gridded pattern. Only ellipses next to but not intersected
by fracture or localized necking were chosen. This produced a
conservative estimate of the F.L.C. Ellipses close to the region

of fracture initiation were measured as fractures can propogate into

low strain regions due to stress concentration effects.

4,3.7 Gridding of Specimens

Gridding of the specimens was preceeded by thorough degreasing and
scouring of the samples using a stiff nylon pad and Teepol. The
method of electrochemically etching a grid pattern onto the sheet
metal surface was originally used. The apparatus consisted of a

power supply manufactured by Electromark G.B.Ltd., model T25, an
electrolyte and a marking stencil with 2.5mm diameter circles. The
electrolyte was made up of 40gr. KCL, 45gr. NaCl, 50ml. HNO3 and
50ml1. HC1 dissolved in 2.25 litres of water. A felt pad approximately
2mm thick was thoroughly dampened with electrolyte and placed ontop

of the stencil which had previously been positioned on the specimen.
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The specimen was made the cathode and a steel roller the anode.

The power source was set to the required voltage and the roller
pushed across the felt pad, with a firm smooth action, several times.
The effect was to produce an etched pattern of circles as shown in

Fig. 18 (a).

These grids were found to be of unacceptable quality for accurate
strain measurement and so a photoresist technique was subsequently
adopted which was developed and tested by the author during a period
of approximately two months. This consisted of a modified process
for producing printed circuit boards. The specimens were degreased
as described previously. They were then sprayed with a mixture of
60pts Fotolac (available from Millwards Ltd., Birmingham) and 40pts
engineers blue using an air brush to apply a thin even film over
the specimen surface. When dry ( ~2-3 minutes) the specimens were
placed in a vacuum frame which when evacuated pulled a negative of
the grid pattern into very close contact with the metal surface.
This was necessary to ensure clear, sharp reproduction of the grid

pattern.

The specimen was then exposed for a period of 90-120 seconds to a
strong ultraviolet source supplied by a Philips E/99/2 U.V. bulb in

a suitably constructed protective housing. The specimen and negative
were then removed from the vacuum frame and the specimen immersed in
a solution of NaOH (200gr/litre) to develop the grid. This method

was found to be very successful although care had to be exercised
during the developing procedure as the grid could easily be removed

by excessive aggitation or rubbing. The specimens were then thoroughly
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Photomacrographs of (a) electroetched grid pattern with
a line thickness of 0.2-0.3 mm and (b) photoresist grid
pattern having a line thickness of 0.05-0.075 mm.
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rinsed in clean water and carefully dried in air. To fix the grid and
produce a surface resistant to scuffing a thin film of Kodak Linagraph
Laquer was applied and found to be highly successful. This method was
greatly superior to the electro etch technique and can be seen in Fig. 18

(b).

4.4 Metallography

4.4.1 Optical Microscopy

Small samples of each alloy were taken and cold mounted in an epoxy
resin mounting medium. They were mechanically polished on silicon
carbide papers down to 1200 grit, then polished using 6um and lum

diamond paste.

Some difficulty was encountered when trying to etch the specimens by
conventional means. The method eventually employed involved anodising
and polarized light microscopy. The specimens were anodised in either
a solution of

70 pts Orthophosphoric acid

2.5pts Distilled water

26.5pts Ethylene glycol

1pt Hydrofluoric acid

or Barkers reagent, a solution of

4-5m1 Hydrofluoroboric acid (48%)
200m1 Distilled water
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The Tatter solution produced the more consistent results. The cathode
was stainless steel and the anode the specimen. The specimen was

2
treated for 40-80 seconds at 20V dc (about 0.2A/cm ) at room temperature.

Specimens were examined under a Vickers desk microscope utilizing
crossed polariser/analyser plates and a quartz % wave tint plate, or
a Vickers projection microscope set in the polarizing mode. Photomicro-

graphs were taken where necessary to show typical microstructures.

4.4,2 Electron Microscopy
Size Distribution of Second Phase Particles

Specimens to be prepared for second phase particle analysis were cold
mounted in an epoxy resin mounting medium and mechanically polished on
silicon carbide papers down to 1200 grit. They were then transferred

to a Nashton Metallurgical vibratory polisher, type M14, for further
polishing down to Tum. Specimens were then examined using a cambridge
scanning electron microscope 2A modified to incorporate a back scattered
electron detector. Photomicrographs were taken at X1270 using the back
scattered electron detector mode to produce sharp second phase particle
images. The photomicrographs were enlarged during printing to produce

a final magnification of X 2540.

Four fields were chosen at random for each alloy under examination.
The size distribution of the second phase particles were determined
from the prints using @ Zeiss TGZ3 manually operated particle size
counter. The counter was set in the "E" and "Lin" mode to produce a

linear distribution analysis.

-82-



4.4.3 Fractography

Samples for fracture analysis were cut from the alloy test specimens
after failure using a Bueler diamond saw. These specimens were then
ultrasonically cleaned in ethyl alcohol and mounted on electron
microscope stubs, electrical conductivity between specimen and stub
being completed by using Aquadag, a ﬁolution of colloidal graphite
in water. The fracture surfaces were investigated with a Cambridge
150 scanning electron microscope at varying magnifications. Fract-

ographs were taken to show typical surface features of the alloys.

4.5 Texture Determination

The textures of all alloys under investigation were determined using
the x-ray diffractometer method as required by A.S.T.M. Standard
E81-63 (1974).

A specimen of each alloy approximately 20mm square was mechanically
thinned to nearly half thickness using 320 grit silicon carbide paper.
Final thinning was carried out by painting the unground side of the
specimen with Taquer followed by immersion in hydrofluoric acid.

This removed any evidence of mechanical working of the alloy which may
have been introduced by the grinding procedure. The specimens were
then 1ightly bent and straightened to eliminate extinction effects

which may give variable intensities.
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Pole figures were determined by a counter technique wfth a Siemens
power supply and texture goniometer, scintillation counter and
conventional counting equipment. (200), (111) and (220) pole figures
were determined using the Schulz reflection method (271) with Cu

Ka radiation at 30KV and 20 mA and a nickel filter.
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5; EXPERIMENTAL RESULTS AND OBSERVATIONS

5.l Comparison of Commercially Available Sheet Aluminium Alloys

5.1.1 Tensile Test Properties

Table 3.shows the mechanical properties of all alloys investigated in
the "as received" condition averaged over five directions in the sheet.
As can be seen the ratio of proof stress: U.T.S. is indicative of the
material temper and ductility. Ultimate tensile strength for the
alloys ranges between 214-33] N/nm:, proof stress values between

119-266 N/mm” .

Alloy HS30/3 has the highest proof stress value probably due to
mechanical working of the sheet prior to delivery. This is evidenced
by the low associated value of elongation. HS30/3 also has the Towes*
n value in the group so that a non-uniform strain distribution might
be expected to develop at an early stage leading to the low elongation
value observed. In the 6xxx series of alloys levels of Mg, Si and Cu
are controlled to give high yield strengths in the T.B. temper. Table
2.shows alloy HS30/3 to have the highest combined Mg and Si content of
the four 6xxx series alloys present. Alloy 6010 has strengths in the
same range as HS30/3 but a much higher capacity for plastic deformation.
Levels of Cu in the two alloys differ significantly. HS30/3 has very
little Cu whereas 6010 has a content of 0.33. Small amounts of Cu are
added to MgZSi alloys to improve strength without substantial loss of

corrosion resistance. Alloys 6009 and 609 are similar to each other in
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all respects. Proof stress is slightly lower for alloy 609 and the
elongation, correspondingly slightly higher. This may be a consequence
of material processing and/or may be due to the fact that alloy 609 has
lTower Mg, Mn and Cu contents with almost twice the quantity of Si.

A11 the 6xxx series alloys have a moderate amount of Fe present.

Mn is sometimes added to these alloys as an Fe corrector which could
partly explain the comparatively high amounts of Mn in HS30/3 although
alloy 609 has very little Mn present and an Fe content higher than

6009 or 6010.

Looking at the 5xxx series alloys Sidal and BB2 were supplied in a
cold worked condition evident from their low elongation and high proof
stress values. A more realistic indication of 5xxx series alloy
properties is given by BB3 and 5182 both supplied in the O-temper.
Alloy BB3 has an n value of 0.33 which is slightly greater than that
for 5182, a lower proof stress and lower U.T.S yet 5182 has a
sfgnificantly higher elongation. From table 2.it can be seen that
5182 and BB3 have similar levels of Si, Fe, Cu and Mn. However,

5182 has a much higher Mg and Ti content. The solid solution and
grain refining effects of these elements would be expected to produce
higher hardness, increased strength and lower ductility. Because it
is normal practice to produce 5xxx series alloys from the higher purity
grades of aluminium (99.7% or better) Fe and Si contents are usually
Tower than in other aluminium alloys. Table 2.shows all 5xxx series
alloys investigated to have relatively high Fe and Si contents which
is unusual although Fe is sometimes added to increase the recryst-

allisation temperature and Si to improve fluidity.
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Of the 2xxx series, alloy 2002 combines the highest proof stress,
U.T.S. and elongation of the group of five. The good ductility is
borne out by its high IE (Erichsen) value. This alloy is apparently
from a high purity base material as is alloy 2117 HP. Fe and Mn
contents for these alloys are very low when compared to the rest of

the group. The Si and Mg content of 2002 is relatively high. Mg

is added to accelerate and increase age hardening at room temperature
following solution heat treatment and quenching. Cu is the main
alloying element of the 2xxx series and is added mainly to increase the

strength at low temperature by heat treatment.

Fig 19 (a) - (m) shows the directionality of tensile properties for
alloys in the "as received" condition. In general all alloys show
Tittle systematic variation of proof stress and U.T.S. It can be seen,
however, that total and uniform elongation values do not strictly follow
strength properties. Figs 19 (a) and (b) would tend to suggest that
elongations are influenced quite strongly by r value but this is

not borne out by the rest of the group. The r value shows large
fluctuations according to test direction which highlights the texture
related dependency of sheet properties. Where fluctuations occur

it is generally observed that high r values exist at 90° to the sheet
rolling direction. These values may be as much as twice the value

at 0° to the sheet rolling direction as seen in Figs 19 (e) and (f).
The observed n values, although differing between alloy types, are

relatively insensitive to the direction of testing.
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5.1.2 Ageing Characteristics

Natural Ageing Response

Figs 20 (a) - (m) show the tensile properties of alloys after natural

ageing, at room temperature, for periods upto 32 days.

The 6xxx series alloys show a marked drop in strength and rather similar
properties after solution heat treatment. HS30/3 has the highest proof
stress in the solution heat treated condition followed closely by

6010. Alloys 609 and 6009 have similar but lower proof stress values
consistent with tensile properties in the "as received" condition.

The ageing response of HS30/3 is clearly faster than the other alloys,
reaching peak strength between 24 and 48 hours after solution heat
treatment. After this period properties appear stable upto 32 days.
Alloy 609 takes somewhat longer to reach optimum strength, a period
between 4-8 days after which further ageing has relatively little
effect. 6010 and 6009 gain approximately 85-90% peak strength after
2-4 days ageing. This process is continued, however, upto 32 days so
that the natural ageing response for these alloys is in excess of 1

month.

The 5xxx series alloys are generally considered to be non-heat-
treatable. A large drop in strength is observed for Sidal and BB2
after solution heat treatment confirming that these alloys were
cold worked prior to delivery. Alloys BB3 and 5182 show almost no

change in properties. When comparing tensile properties of these alloys
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in a similar temper it is clear that 5182 has the highest strength
although the elongation values are very similar. BB3 appears to

show a slight increase in strength continuously over a period upto

32 days.

The 2xxx series alloys gain their strengthening effect from both
solid solution and precipitation hardening due to Cu content. As
can be seen from Figs 20 (b), (i), (1), (j) and (k) alloys 2002,
2117A, 2036, 2117HP and 2117CP decrease in strength considerably
when solution heat treated. All alloys revert to proof stress
values between 60-90 N/mm?, except 2036 which retains a high proof
stress (155 N/mm*) and correspondingly high U.T.S. Elongation
values generally tend to decrease as ageing progresses and strength
properties rise. 2117A demonstrates rather poor elongation while
that of 2002 is better than average. Al1 five alloys have an
optimum ageing response of 2-4 days with peak strengths being reached
and stabalised after approximately 16 days for 2002 and 32 days for
2036, 2117A, 2117HP and 2117CP. Initial ageing response of 2117HP,
2117CP and 2002 is much faster than that of 2117A and 2036.

Artificial Ageing Response

Figs 21 (a) - (m) show the tensile properties of alloys during
artificial ageing, from the solution heat treated condition, for

15 minutes at temperatures between 150-210°C.
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The 6xxx series alloys shown in Figs 21 (b), (c), (d) and (m) all
show an increase in strength when aged at 150°C. The U.T.S. value

of alloy 6009 is very nearly equal to the original value prior to
solution heat treatment. This is not true of the proof stress,
however, which remains somewhat lower. Alloys 6010 and 609 show a
moderate recovery of properties. HS30/3 gives only a small response
to heat treatment which does not improve as the temperature is
increased. The results suggest that for 6xxx alloys there is a
plateau between 150-190°C where temperature variation produces little
further increase in strength. Between 190-210°C there is a change

in the ageing process which in 6009 and 609 produces tensile strength
superior to the pre-solution heat treated values. In 6010 tensile
strength is approximately equal to the original "as received" value.
The increase in strength of 6009, 609 and 6010 is accompanied by a
large reduction in elongation. HS30/3 does not show a comparable

effect.

The 5xxx series alloys in Figs 21 (e), (f), (g) and (.1) show
practically no change in properties when aged between 150-210°C

except for a slight increase in U.T.S. in alloys BB2 and Sidal.

Figs 21 (a), (h), (i), (J) and (k) show the artificial ageing
responses of the 2xxx alloys. 2117A shows a negligable increase in
strength with ageing upto 210°C. Alloys 2117HP and 2117CP in
contrast, show a marked increase in strength when aged at 150°C but
a steady decrease thereafter. Elongation values remain constant.
2002 exhibits the best response to artificial ageing and displays a

plateau, similar to the 6xxx alloys, between 150-1390°C. Above 190°C
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there is an increase in strength superior to the original "as
received" values but at the expense of elongation. Optimum ageing
from the solution heat treated condition appears to be between 150-
170°C. This gives rise to near original strength coupled with

superior elongation.

5.1.3 Effect of Prestrain on Post Heat Treatment Tensile Properties

Figs 22 (a) - (m) show the ageing response of alloys in the "as
received" condition and after 15% prestrain. These alloys were
aged at 150-210°C for 15 minutes. The value of 15% prestrain was
selected as an arbitrary average strain induced in motor vehicle

body panels during sheet metal pressing operations.

Alloys HS30/3, Sidal and BB2 were not subjected to the prestrain as
their initial ductility was less than 15%. In general all alloys
showed a difference of approximately 10% in elongation values between

"as received” and prestrained specimens after ageing.

The 6xxx alloys show an initial loss of strength when aged between
150-170°C. This was probably due to a stress relieving effect.

After ageing at higher temperatures, between 190-210°C, it can be

seen that 609, 6009 and 6010 show a distinct increase in strength

and loss of ductility whereas HS30/3 remains stable. Prestrain has
the effect of moving the strength curves up and the elongation curves
down. The difference between "as received" and prestrained properties

remains consistent upto about 180°C, above which strength and
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elongation differences begin to decrease.

The only 5xxx alloys capable of 15% prestrain were BB3 and 5182
both in the O-temper condition. Figs 22 (h) and (m) show that
after prestrain alloy strengths are increased considerably and
elongations reduced. Ageing at 150°C appears to have little effect
in restoring ductility but at higher temperatures we can see that

elongation values begin to increase and strength to decrease.

The 2xxx series alloys show differing reactions to ageing from the
"as received" condition. Alloys 2036, 2117A, 2117HP and 2117CP all
show a loss in properties when aged. Initially at temperatures
around 150-170°C this Toss may be explained by the stress relieving
effect apparent for some of the 6xxx alloys. At higher temperatures,
however, it would seem that this stress relieving effect is replaced
by reversion of the alloys and so the properties continue to fall.
Elongation is not affected as much as strength. Only 2117A shows

a marked increase in elongation. Alloy 2002 appears to react to
ageing in a similar manner to 6xxx alloys. Initially 2002 suffers

a loss in strength but at temperatures above 170°C strength

begins to increase and above 190°C may be superior to the "as
received" values. Only at ageing temperatures in the region of
190-210°C do the differences in "as received" and prestrained

properties begin to decrease.

-g2-



ALLOY TEMPER ] Fe Cu Hn Mg tr In T4 v
2002 T8 0.40 0.08 1.8 0.02 0.52 0.07 0.02 0.03 0.01
6009 T8 0.79 0.25 0.3 0.26 0.51 - 0.03 0.04 0.0
6010 T8 0.94 0.19 0.33 0.26 0.87 - 0.03 0.03 0.01
#530/3 T8 0.94 0.37 0.04 0.51 0.92 0.02 0.03 0.01 0.01
SIDAL L] 0.17 0.27 0.007 | o0.23 1.95 - 0.02 0.009 | 0.01
B164-BB2 L] 0.10 0.27 0.002 | 0.21 2.0 - 0.01 0.01 0.0}
B164-B83 0 0.18 0.40 0.03 0.38 3.6 0.05 0.02 0.03
Z1i7HP T8 0.12 0.06 2.0 0.03 0.38 0.01 0.02 0.03 -
2117¢cP 8 0.24 0.42 2.2 0.07 0.38 0.02 0.03 0.03 -
21174 8 0.12 0.28 1.88 0.16 0.18 0.01 0.02 0.01 -
2036 8 0.30 0.29 2.10 0.28 0.32 0.02 0.06 0.03 -
5182 0 0.20 0.33 0.02 0.35 4.78 0.01 0.02 0.35 )

609 T8 1.7 0.28 0.07 0.08 0.49 | <0.005 | 0.02 0.02 -

Table 2. Identity, condition and composition of aluminium

alloys under investigation.
R R A e N R I
(mm) STRESS U.T.5.
(N/om* ) DRY  [LUBRICATED
2002 1.49 191 331 0.577 26.1 0.75 |+0.09 9.4 9.8 0.25
6009 1.65 147 244 0.602 23.1 0.61 |-0.03 9.8 | 101 0.25
6010 1.61 202 s 0.641 23.4 0.58 | +0.06 9.3 9.3 0.21
HS30/3 1.51 266 284 0.937 9.1 0.68 | -0.11 8.8 | 9.4 0.07
S1DAL 1.59 183 214 0.855 | 8.4 0.68 |40.19 8.9 | 9.5 0.12
B164-8B2 | 1.58 175 212 0.825 | 7.8 0.79 | +0.15 8.8 | 9.4 0.14
8164-883 | 0.92 119 235 0.506 | 20.6 0.61 |+0.00 10 | 10.2 0.33
211 7HP 0.99 157 291 0.539 | 26.6 0.88 |[+0.06 9.2 [ 9.5 0.27
2117CP 0.99 157 n 0.505 | 25.9 0.71 |+0.02 9.2 | 9.7 0.31
21174 0.97 168 20 0.697 14.6 0.64 | +0.05 9.4 | 9.9 0.16
2036 0.87 181 304 0.595 | 20.9 0.54 |-0.02 8.8 | 9.3 0.22
5182 0.93 141 284 0.496 23.6 0.62 |-0.01 9.8 | 10.5 0.29
609 0.96 137 241 0.568 | 24.7 0.62 | +0.12 9.6 | 9.8 0.24
s (X420 o 4Xgy
4
e Tl
2
Table 3. Average tensile properties of alloys in the

' as received '

condition.
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5.2 Characteristics of Materials Used in Later Work

0f the thirteen alloys investigated during the work of section 5.1,
four were chosen as promising representatives for further research.
These alloys were 6010, 5182, 2117 HP and 2117 CP. They were
selected on the basis of mechanical properties and material

availability.

5.2.1 Uniaxial Tensile Test Data

Table 4, restates the average tensile properties for alloys 6010,
5182, 2117 HP and 2117CP. Alloy 5182 is significantly softer than
the other three materials which all behave in a broadly similar
manner. 5182 was the only alloy to exhibit a marked yield point,
its surface showed repeated stretcher-strain lines during tensile
testing. The n-values in table 4. show alloy 6010 to have less
rapid work hardening than the others although its total elongation

is at Teast as good.

5.2.2 Texture

Figs 23 (a) - (1) show centre textures for alloys in the "as
received" condition. (111), (200) and (220) pole figures are

presented for each alloy.
Alloy 6010 shows a fairly weak texture overall. This consists of
a weak cube texture with weak (110) [112] and (110) [001] components.

5182 has a very weak cube texture with a (100) [001] component. In

-08-



comparison, both 2117 alloys exhibit strong textures. 2117 CP shows
a strong retained rolling texture (123) [412] with a strong (110)
[001] component while 2117 HP shows strong (110) [001] and (110)
[112] components. The two texture components identified in 2117 HP
are known to give rise to six fold symmetry. This was confirmed
during deep drawing trials by the presence of 6 fold earing on

drawn cups of this alloy.

5.2.3 Second Phase Particle Size Distributions

Figs 24 (a) - (d) show the size (diameter) distribution of second phase
particles for alloys 6010, 5182, 2117 CP and 2117 HP. Alloy 6010 has a
very narrow particle size distribution with ~ 80% content< 0.8:m and
95% <1.0um. The number of particles in 6010 is approximately three
times that of 5182 and ten times that of 2117 HP or 2117 CP. These
variations are sufficiently great to affect the fracture behaviour and

forming 1limits as will be discussed later.

5.2.4 Microstructures

Typical microstructures for alloys 6010, 5182, 2117 CP and 2117 HP are
shown in Figs 25 (a) - (d). Sections were taken through the sheet
thickness. 6010, 2117 HP and 2117 CP have very similar grain sizes,
approximately 20-25sm. The grains have smooth boundaries and are
slightly elongated in the plane of the sheet which may be inpart a result
of temper rolling during production but may also have resulted from
recrystallization in the presence of second phase particles. Alloy

5182 has a grain size about half that of the other alloys.
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ALLOY 0.2% Proof U.T.S. % Elongation ¥ |n K
Stress (N/mm? ) Uniform T Total (N/mm?)
{N/mm? )

6010 195 327 27.2 28.6 | 0.59(0.18 | 475

5182 130 280 25.2 26.2 | 0.68]0.26 | 473

2117HP| 170 340 25.2 26.4 | 0.86[0.21 {513

2117¢P| 190 365 24.5 25.6 | 0.81[0.22 | 562

Table 4. Average tensile properties of alloys 6010, 5182,

2117 HP and 2117 CP in the "as received" condition.




Fig. 23(a)-(1) Centre textures determined for alloys 6010, 5182,
2117 HP and 2117 CP showing (111), (200), and (220)
reflections.
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Figs 25(a)-(d) Typical microstructures of alloys (a) 6010,
(b) 5182, (c) 2117 HP and (d) 2117 CP.
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5.3 Strain Hardening and Strain Distribution

5.3.1 Extended Straining Beyond Load Instability

Figs 26 (a) - (c) show the nominal stress-strain curves for alloys

6010, 2117 HP and 2117 CP during extended uniaxial tensile straining.

The initial part of the curves represents data obtained during normal
uniaxial tensile testing to strains of ~ 24%. The later part of the
curves, strains above ~24%, represents data obtained during extended
tensile testing. It is apparent that around 25% elongation the work
hardening capacity of the alloys no longer compensates for the reduction
in cross section and at this point necking would normally occur.

However, due to the restrictions imposed on the test piece, necking is
postponed and straining continues by as much as a further 20-25%. During

this period the load is found to decrease steadily.

Curves for test pieces cut at 0° and 90° to the sheet rolling direction
are shown and the results suggest that alloy 6010 possesses very little
mechanical directionality. The other alloys show consistently that
longitudinal specimens possess increased strength and reduced ductility
when compared with specimens cut in the transverse direction. The
difference between the stress levels of the transverse and longitudinal
curves remains constant over the entire strain range indicating that

the work hardening capacity is almost identical for the two directions.

Figs 27 (a) - (c) show true stress (o, ) - true strain (<) curves for
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equi-biaxial and uniaxial tensile tests. The equi-biaxial % /e

curve remains significantly above the uniaxial tensile curves for
alloy 6010 and 2117 CP. However, uniaxial and equi-biaxial curves
coincide for alloy 2117 HP. No satisfactory explanation for this
inconsistency has been formulated and error in the experimental
technique can not be ruled out. In the case of 2117 HP a plot of

% vs € using the Hollomon equation was found to be in excellent agree-
ment with both the equi-biaxial and tensile curves when values of

n = 0.21 and k = 513 were used. This suggests that extrapolation of
tensile o /e curves into high strain regimes would be a valid exercise
providing experimental and theoretical curves coincided over the normal

tensile strain range.

Data on alloy 5182 were not included because serrated yielding prevented
accurate measurements of load for this alloy. Also, due to its
susceptability to Luders banding it was found that adhesion between

the tensile test specimens and backing strips was limited. Usually,
this alloy was found to fail at strains only marginally larger than

those achieved during normal tensile testing.

5.3.2 Strain Development During Hydraulic Bulge Testing

Fig 28 shows the pattern of major strains for a row of grid circles on
2117 CP sheet bulged through a circular die (118mm diameter orifice)
at various pressure increments. The radial line along which strains
were measured traversed between the pole and edge of the dome and was
positioned so as to cross the fracture site in the area of initjation.
It can be seen that upto strains close to fracture no indication of

the fracture site is apparent. The fracture is marked by a large

=105=



increase in strain similar to that shown in Fig 29. It may be
concluded that failure is by a sudden catastrophic process rather

than the gradual formation of a local non-uniformity.

Fig. 29 illustrates the relationship between major and minor strain
versus distance from the site of fracture initiation. The results shown
in this figure relate to failure in an aluminium sheet stretched over

a 50mm hemispherical punch. Major strains show a much greater variation
in magnitude than minor strains especially in the region immediately
adjacent to the fracture site. This suggests that a plot of minor
strain versus bulge height would result in a limiting dome height

curve exhibiting a significantly reduced degree of scatter. The

reproducability of such a curve might therefore be greatly improved.
Fig. 30 shows an almost linear variation in bulge height with increasing

pressure. The curves are found to differ primarily as a consequence of

varying sheet thickness.
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5.4 Factors Controlling Forming Limits

5.4.1 Effect of Test Procedure on Limit Strains

Forming limits were determined for alloys 6010, 5182, 2117 HP and

2117 CP using solid punches and non-frictional techniques. Figs 31

(a) - (d) show the forming 1imit diagrams for the four alloys above.
The dotted line represents 1imit strains determined by punch

stretching and the solid 1ine those determined by hydraulic bulge

tests and tensile tests. The F.L.C.'s determined by punch stretching
(Nakazima strip tests) lie above those for the hydraulic bulge tests

in all cases although for 6010 both curves coincide at the point of
plane strain. This suggests that limit strains are not only determined
by the materials' inherent properties but also by the method of testing.
Contact between the sheet and punch surface appears to inhibit the
formation of a local heterogeneity until conditions are sufficient to

overcome the supportive effect of the punch.
During hydraulic bulge tests it was noticed that alloys 5182, 2117 HP
and 2117 CP consistently failed at right angles to the rolling direction

while 6010 failed parallel to the sheet rolling direction.

5.4.2 Fracture Mode

Three types of failure were generally observed during the determination
of limit strains. These are shown in the form of polished sections at
right angles to the fracture close to the points of initiation,

Figs 32 (a) - (c). The ductile fracture behaviour shown in Fig 32 (a)
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was relatively uncommon for friction free testing and was only found in
some cases where the minor strain e, was negative. With Nakazima

strip specimens, ductile failure was much more common and could exist
over the complete range of strain ratios, especially in the case of
alloy 5182. Otherwise, separation occured by shear fracture along a
band at approximately 45° to the major strain axis. In many cases local
necking had evidently preceded fracture as shown in Fig 32 (b). 1In
other cases, however, there was no detectable reduction in cross-
section at the failure site and it appeared that fracture had occured

abruptly without prior strain localisation, Fig 32 (c).

5.4.3 Fracture Surface Characteristics

Three types of fracture surface were observed on specimens subjected to
different strain paths prior to failure. These are shown in Figs 33
(a) - (f). Ductile fracture surfaces, Figs 33 (a) - (b), were commonly
observed and were invariably the type seen when examining Nakazima
strip specimens. Some hydraulic bulge fracture surfaces also displayed
this type of characteristic dimpled surface which corresponded to sheet

cross-sections of the type shown in Figs 32 (a) - (b).

Rather more uncommon was the ductile shear fracture surface shown in

Figs 33 (c) - (d). These were normally only identified on hydraulic
bulge specimens with cross-sections similar to Figs 32 (b) - (c). It

can be seen that the fracture surface is very similar to those shown in
Figs 33 (a) - (b) except for the smearing effect produced by the shearing

movement of the fracture surfaces across each other as separation occurs.
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The third type of fracture surface, shown in Figs 33 (e) - (f), was

only observed on hydraulically bulged specimens with cross-sections of

the failure site corresponding to the type shown in Fig 32 (c).

This type of behaviour appears to be due to fast fracture (272, 273)

and is characterised by tear dimples on the fracture surface. It is
associated with sudden catastrophic type failures which in this case
may be explained by surface defects seen to appear on the surface of
some hydraulically bulged specimens prior to failure. Figs 34 (a) - (c)
show the appearance of these defects on the bulge surface of, in this
case, alloy 2117 CP. It will be seen that the shear surface

has a roughened appearance which apparently leads to intergranular
cavitation in isolated regions. Such cavities were typically 50-

100um across.

5.4.4 Initiation of Void Growth at Instability

To determine the point at which voids begin to take part in the ductile
fracture process, bulge specimens were sectioned and examined under
the optical microscope. Figs 35 (a) - (b) show the development of a
neck in alloy 5182 producing a locally thinned region with fractional
thickness ~ 0.85. At this stage of straining it can be seen that there
is no evidence to suggest the development of void sheets. Fig 35 (c)
shows a cross-section in which fracture appears to have taken place
along one of two shear planes. The second shear plane is evidenced

by a distinct line of voids indicated on the micrograph by an arrow.

It was generally observed that void formation did not occur until

almost the instant of failure. Where voids were observed in failed
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specimens they were extremely localized and restricted to a region
immediately adjacent to the fracture surface or on a secondary shear

plane.

5.4.5 Effect of Surface Defects on Limit Strains

During hydraulic bulge testing of sheet alloys it was noticed that
surface scratches, introduced into the material during handling
operations, had a marked effect on the magnitude of strain at fracture.
To investigate this phenomenon further, sheet alloys subjected to
uniaxial tensile, punch and hydraulic bulge tests had defects introduced
in the form of shallow v-notch grooves. These defects ran parallel to
the normal fracture direction of the sheet in bulged and punch

stretched specimens and at right angles to the gauge length in tensile
samples. Figs 36 (a) - (c) show the relative cross-section and

geometry of the inhomogeneities. Table 5.shows the ratio of reduced

cross-section (fo) for alloys 6010, 5182, 2117 HP and 2117 CP.

These defects did not influence the strains at fracture for tensile
test or Nakazima strip specimens. Alloys having multiple defects
introduced were tested in an attempt to influence the position of the
fracture site. This was unsuccessful and it was concluded that, in the
case of tensile test or Nakazima strip specimens, failure was not

influenced by surface defects in the sheet.

Prior to bulge testing the sheet was centralized in the test machine
so as to position the defect as near as possible to the expected failure
site. Failure was found to occur at decreasing strains with increasing

defect size, illustrated in Figs 37 (a) - (d) where the principal axes

-115-



of the sheet are chosen as the reference frame. From these it can be
seen that the direction of failure in 6010 was parallel to the sheet
rolling direction while that of 5182, 2117 HP and 2117 CP was transverse
to it. It is clear from Fig 37 that the strain ratio e ¢ o is
independent of surface treatment, being controlled solely by the die
ellipticity. Scratches of increasing severity merely cause fracture to
intercede sooner in the deformation process without influencing the
plastic strain development itself. Figs 38 (a) - (d) show the forming
limit diagrams corresponding to the results of Fig 37 (a) - (d). The

limit strains decrease with increasing defect size in all alloys.

5.4.6 Effect of Surface Defects on Fracture Type

F.L.C.'s in Fig 39 (a) - (d) incorporate information relating to the
type of failure process identified from cross-sections of fractured

test pieces.

Where local necking was observed, Fig 32 (a), the F.L.C.'s are plotted
as thin lines while conditions corresponding to no local necking,

Fig 32 (c), are shown as broad bands. Failure in the Nakazima strip
specimens was normally preceded by local necking. A clear pattern of
behaviour is evident for all the alloys although minor differences exist
between them. The tendency for abrupt fracture without prior necking

is most evident in strain states approaching equi-biaxial tension. For
the unscratched specimens the fracture controlled range was greatest in
2117 CP and decreased progressively in 2117 HP and 6010. In the case

of alloy 5182, the virgin material showed necking failure under all
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conditions. As grooves of increasing severity were introduced, limit
strains were substantially reduced and the range of fracture initiated
failures extended toward the plane strain condition. The tendency for
fracture without prior necking was evident in 5182 as well as the other

alloys when groove type defects were present.

5.4.7 Comparison of Calculated and Theoretical Forming Limits

Figs 40 (a) - (c) show the experimental (solid line) and calculated
(dashed 1ine) forming Timit curves obtained with and without defects in
the sheet surface. The theoretical curves have been calculated as shown
in appendix A. Nominal strains measured in defect free sheet were
converted to effective strain and effective stress. From these the
principal and critical shear stress's were calculated. The stress
concentrating factor € was introduced into the equations and new values
of 8 (strain ratio) determined. By reversing the above procedure new

values of nominal strain were computed.

The level of the F.L.C. is reduced with increasing defect size.
Calculated and experimental curves were found to be of tolerably good
fit in the region of equi-biaxial tension. However, as plane strain
conditions are approached the discrepency between the levels of the
theoretical and calculated cufves is found to increase. The general
form of the experimental F.L.C. may differ substantially from that
calculated. The material is assumed to obey the relationship o= ke "
over its entire strain range which may not infact be justified.
Material and statistical effects are also introduced during

testing. Therefore, for such a simple model, the discrepencies
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observed when departing from equi-biaxial straining may be attributed

to, amongst other things, its crudeness.
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Fig. 32(a) - (c)

Failure modes observed in aluminium alloys
subjected to strain states between uniaxial
and equibiaxial conditions. (a) denotes
ductile fracture, (b) ductile/shear fracture
and (c) pure shear.
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Fig. 32(a)
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Fig. 33(a) - (f) Fracture surface characteristics of aluminium
alloys subjected to various stress states
(a - b) denotes ductile fracture, (c - d)
ductile shear fracture and (e - f) fast fracture.
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Fig. 34(a) - (c) Intergranular cavitation in a biaxially strained
sample of alloy 2117 CP.
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Fig. 35(a) - (c)

The development of voids in regions of localised
necking and fracture. (a) and (b) show no
indication of the presence of void sheets within
regions of localised necking. (c) illustrates the
formation of voids along a shear plane (indicated
by an arrow).

-123~






Fig. 36(a) - (c) Relative cross-section and geometry of defects
introduced into the sheet surface.
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ALLOY TOOL LOAD REDUCED
(gms) CROSS SECTION
(fo)
50 0.98
6010 100 0.97
300 0.94
50 0.98
5182 100 0.97
300 0.94
50 0.98
2117HP 100 0.97
300 0.94
50 0.98
2117CP 100 0.97
300 0.93
Table 5. Ratio of reduced cross-section fo for alloys 6010,

5182, 2117 HP and 2117 CP.
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6. DISCUSSION

6.1 Characteristics of Commercially Available
Aluminium Alloy Sheet

The alloys investigated during this research were obtained from a

wide selection of suppliers eg. B.A.C.0. supplied 2117 HP and

2117 CP (high press and commercial press); Pechiney (France)

2117A, 2002 and CP 609; Reynolds (U.S.A.) AA 2036 and 5182 S.S.F,

whilst ALCOA supplied 6009 and 6010. It will therefore be appreciated
that as well as the differences in the properties of these alloys which
result from their different compositions, the processing routes followed

during manufacture may also be expected to have a significant effect.

Figs 41 (a) - (b) show the relationship between total elongation and
U.T.S. or 0.2% proof stress for all alloys investigated in the

"as received" condition. Fig 41 (aj shows that increases in U.T.S.
may be achieved in addition to increases in elongation in some cases.
No trend is apparent. As might be expected, the 5xxx alloys which
have been rolled to temper (SIDAL, BB2) are generally found to have
Tower elongation values while 5182 which was fully annealed had good
ductility. The information contained in Fig 41 (a) relates basically
to the shape of the stress-strain curve for each alloy and indicates
how fast the alloy approaches failure. The results are directly
related to the work-hardening capacity of these alloys and their
ability to sustain work-hardening as straining progresses. Elongation

values show a tendency to decrease with increasing yield stress,
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Fig 41 (b), but this trend is mainly due to the presence of the three
cold rolled samples. The yield stress is a structure sensitive
property and depends on grain size, dislocation density and the
arrangement of second phase particles. The results show HS30/3

to have the highest proof stress in the "as received" condition.

This is believed to be a consequence of prior cold work together with
some natural ageing response. Alloys exhibiting higher elongations
were either O - temper for the 5xxx series or T4 - temper for the
2xxx and 6xxx series., Although high values of yield stress are
desirable in formed components problems can arise when these values
are too high prior to forming. Manufacturing experience with the
same alloys as reported here has shown poor press forming characteristics
and increased die problems when using materials with a yield stress
in excess of 170 - 180 N/mm* (6010, 2036 and 2002) although their

tensile elongation values are no worse than for the other alloys.

Figs 42 (a) - (b) illustrate the relationship between Erichsen value
and U.T.S. or 0.2% proof stress. Although the Erichsen value is
related to the percentage elongation and is a reflection of the
materials ductility the method of testing introduces new variables
including specimen geometry, strain state and distribution. No
mathematical relationship is apparent between I.E. and U.T.S. However,
a clear trend can be seen in Fig 42 (b) where Erichsen value is seen
to increase with decreasing proof stress. This is in agreement

with Fig 41 (b) although the alloy rankings differ considerably
suggesting that some alloys may exhibit high levels of ductility under
one system of imposed stresses while a different system will give rise

to inferior ductility. The reason for this apparent difference may be
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Fig. 41(a) - (b) Relationship between (a) U.T.S. Vs % elongation
and (b) 0.2% proof stress Vs % elongation for
alloys in the "as received" condition.
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Fig. 42(a) - (b)

Relationship between (a) U.T.S. Vs IE
and (b) 0.2% proof stress Vs IE for
alloys in the "as received" condition.
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due, in part, to the initial sheet textures and the textures developed
in the sheet during testing. Texture was found to influence ductility
in later work and this is described further in the discussion below.

It is also probable that the distribution of second phase particles
influences ductility in the Erichsen test and this varies from material
to material as will be discussed later. When testing the "as received"
sheets in tension there were seen to be severe stretcher-strain
markings on 5182 but all others were essentially free from the

Luders phenomenon. It is reasonable to suppose that 5182 would be
acceptable for inner panels where high formability is more important
than dent-resistance and where surface defects such as stretcher-strain
marks will be concealed. Taking cognisence of all the materials
examined in the "as received" condition, it does not seem possible

to distinguish one family of alloys as distinctly preferable to the
others. There are good and bad examples of each type and even of the
same nominal alloy received from different manufacturers (eg. 2117 CP
and 2117 A). Evidently the details of the processing route for
manufacturing the sheet are of vital importance to its press-forming

quality.

Natural and artificial ageing characteristics were determined after
solution heat-treatment of the alloys, Figs 20 and 21. It was found,
as expected, that the age-hardening alloys and cold worked 5xxx alloys
showed a considerable drop in strenéth properties after solution
heat-treatment (in the case of the 5xxx alloys this corresponded to

a recrystallization anneal). During natural ageing at room temperature
both the 2xxx and 6xxx family of alloys produced an optimum ageing

response after two to four days although some specific alloys were
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found to continue ageing for periods in excess of one month.

Hardness values of these alloys followed closely the variation in
proof stress with time. The 5xxx series of alloys are generally
considered to be non-heat-treatable. Slight increases in strength
were observed for B164-BB3. This may be due to the gradual formation
of magnesium clouds around dislocations thus increasing the stress

required to produce movement (251).

Artificial ageing response highlights differences between alloy

families not immediately apparent from natural ageing data. Alloys
belonging to the 6xxx group all showed an increase in strength at

low ageing temperatures, 150°C. This strength increase did not

vary substantially between 150-190°C. Above 190°C values of

strength superior to those of the "as received" condition were

produced in several of these alloys. The reason for this type of
behaviour is probably due to the presence of two different strengthening
mechanisms. At low temperature (below 190°C) an accelerated form

of natural ageing is the most 1ikely explanation. At temperatures

above 190°C a modification to the precipitation process would account
for the higher strengths. The 2xxx series alloys also show strength
increases at temperatures around 150°C. However, in the case of 2117 CP
and 2117 HP, a loss of properties is apparent with increasing temper-
ature, as a result of reversion to which these specific alloys are
susceptible. Alloy 2002 exhibits the best artificial ageing response

in its class and displays a plateau similar to that described for the
6xxx alloys between 150° to 190°C. The explanation for this

phenomenon would appear to be due to the way in which alloy composition
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is formulated. In 2002 the Mg and Si contents are optimized to
overcome reversion. On reversion of the copper-rich zones, M9251
precipitation compensates for the strength but there is a subsequent
sacrifice in ductility. From table 2. it can be seen that alloys

6009 and 6010 have a significant Cu content which is probably added

to provide adequate low temperature strengthening. Again, 5xxx alloys

show little variation in properties with artificial ageing treatments.

As these alloys are intended for use in the automotive pressing industry,
where they will be used in the "as received" condition, it is most
important that alloy characteristics should be determined both for
conditions that will be encountered in the press-shop and for those

in service in the vehicle. Fig 43 shows the proof stress for all

alloys in the "as received" condition and, where possible, values of
proof stress after 15% prestrain and subsequent ageing at 190°C for

15 minutes. The prestrain is intended to simulate average strain

induced in a heavily stretched panel prior to paint stoving. Paint
stoving is simulated by heat-treatment of these alloys at 190°C as

previously stated.

Until recently, it has been commercial practice to use anodic electro-
priming of vehicle bodies which required subsequent baking around

170°C. However, a cathodic process has now been adopted which provides
much better corrosion resistance and which necessitates baking at 190°C.
During this heat treatment there is competition between recovery
processes which tend to soften the base material and precipitation
which strengthens it. Apart from 2002 which shows a small nett

strengthening, the alloys become weaker as a result of the
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Fig. 43 0.2% Proof stress for alloys in the "as received"
condition, after 15% prestrain and after 15%
prestrain + simulated paint bake cycle (15 minutes
@ 190° C ). :
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190°C anneal. Generally, the 6xxx alloys are-rather better than
2xxx in this respect, and 5xxx alloys which are not susceptible
to precipitation show the greatest softening. The final "service"

strengths of the alloys can also be ranked on the basis of Fig 43.

6.2 Properties of Alloys for Further Investigation

Of the thirteen alloys originally investigated, four were chosen
for much more detailed examination of their plastic properties and
formability. These were 6010, 5182, 2117 CP and 2117 HP and were
selected because they represented all three classes of alloy and
were broadly similar with respect to strength levels and other
mechanical properties. Table 4. summarises the more important

tensile properties from section 5.1.

Typical microstructures for the alloys are shown in Fig. 25. Alloy
6010 and both 2117 alloys were found to have similar grain sizes
~20-25um while the grain size of 5182 was ~10-15gm. The latter
is rather smaller than usual for formable sheet and may contribute
to the severe Ludering which the alloy shows. The relationships
between grain size, work-hardening behaviour, ductility and
formability have not yet been clearly established. In the past
these relationships have usually beén based on the Hall-Petch
equation which relates the yield stress oy to the reciprocal
square root of the grain size (273).

i+ ky 07! (47)

Where D = Grain size

Viz. oy =0

oi )
; depend on the detailed model applicable to the metal
ky
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At present the flow stress, grain size relationship for aluminium
has not been well documented. Experimental investigations to date

have produced contradictory results (274-276).

Second phase particles are known to influence material properties

by interaction with dislocations during deformation as well as

by creating voids which initiate fracture. Commercial heat-treatable
aluminium alloys have been found to contain two kinds of insoluble
incoherent particles (277). These are either coarse (>lum) or submicron
particles. The coarse second phase particles are formed during

casting or subsequent processing. During solidification, Fe and Si
combine with other elements giving coarse insoluble particles such as
Al, Cu2 Fe. The normally soluble CuA12 phase is not completely
dissolved during fabrication and is present as particles of approximately
the same size as those containing Fe or Si. These coarse particles are
detrimental to properties such as toughness and ductility because they
have been found to fracture when stressed (277). Submicron particles
are mainly formed during heat-treatment and processing after casting.
They are rich in Cr, Mn or Zr which may be added to control
recrystallization and grain growth. It has been proposed that these
particles promote a homogeneous mode of deformation and so avoid
dislocation pile-ups at grain boundaries (277). In the present work,
alloy 6010 was found to be exceptional in that it contained a very

high density of sub-micron particles and none larger than 2.5um. The
average inter-particle separation on a plane of section was 1.Sum.
Alloy 5182 showed the next densest particle dispersion with an average
separation of 3.3um. This and both 2117 alloys contained occasional

coarse second phase particles up to 100um diameter. The average particle
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separation for 2117 CP and 2117 HP were 5.45um and 5.7um respectively.
None of the alloys showed obvious alignment of particles along the

rolling direction.

As can be seen from Fig 25 the grain structure of these alloys is
slightly elongated in the plane of the sheet which may be inpart a
result of temper rolling during production but may also have resulted

from recrystallization in the presence of second phase particles.

When during cold working, the grains become elongated in the direction
of maximum extension, the crystal lattices rotate into preferred
orientations. Material with such preferred orientation is said to
possess a texture and the properties of the material as a whole then
become anisotropic. Any non-metallic inclusions become elongated into
fibres and if these lie along the direction of maximum stress their

detrimental effect is much reduced.

Fig. 23 illustrates the "as received" sheet metal textures. Alloy 6010
shows a fairly weak texture consisting of a weak cube texture with

(110) [112] and (110) [001] components. Alloy 5182 exhibits only

a very weak cube texture. In comparison, both 2117 alloys have strong
textures. 2117 CP shows a strong retained rolling texture (123) [412]
with a strong (110) [001] component while 2117 HP shows strong (110)
[001] plus (110) [112] components. The two combined texture components
identified in 2117 HP show an approximate six-fold symmetry in the
texture. This was confirmed during deep drawing trials by the presence

of six fold earing on drawn cups of this alloy.
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The coefficient of plastic anisotropy is a reflection of sheet texture,
its value changing according to alloy type and processing history.
Preferred orientation is known to affect sheet metal behaviour in the
plastic strain range and for some anisotropic metals drawing quaTitieé
have been found to be superior to those observed in isotropic sheet (58).
Table 3. gives the average r-values for alloys in the "as received"
condition. In all cases the r-value is less than unity indicating

poor drawability. Hu (63) and others have shown that (100) textures
correspond to r-values less than unity and that (111) and (110)

give ¥ > 1. In the present alloys it seems that the cube texture
component has a dominant effect despite its low level. Both

2117 alloys which have strong (110) components show higher r-values
than 6010 and 5182 but these are still less than unity. Relative

to steels for which r-values typically range from ~1.3 to ~2.0, the
present aluminium alloys are expected to show poor deep drawing

performance.

6.3 MWork Hardening and Strain Distribution

Values of stress and strain measured during uniaxial tensile tests are
only useful in indicating the work hardening behaviour of a material
over the limited range of deformation where elongation is uniform.
Because of the relatively low values of effective strain achieved in
uniaxial tension as compared with equibiaxial stress states it has
been difficult in the past to compare the work hardening behaviour

for an alloy subjected to uniaxial or equibiaxial stress at high
effective strains. To be able to make such a comparison it is first

necessary to establish a uniaxial tensile testing technique which will
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allow values of effective strain equivalent to those reached during
biaxial testing to be achieved. This is somewhat difficult since it
entails deferring tensile instability over an extended strain range or
else making measurements within the neck itself (278). The author
believes that the procedure developed, described in section 4.1, has
solved some of the problems encountered but has left others unresolved.
The technique has been found to be very successful for high strength
alloys which do not exhibit serrated yielding. In these alloys

nominal elongation values approaching 50% have been recorded which
corresponds to approximately twice the usual value. For alloys

which exhibit serrated yielding characteristics, typically those alloys
belonging to the 5xxx family, nominal strains approaching 35% have

been achieved.

To extend the values of strain achieved during this research either
smaller strain increments between backing strip changes should be used

or a higher strength adhesive employed.

Fig. 26 shows the nominal stress-strain curves for alloys 6010,

2117 HP and 2117 CP. The n values for these alloys range between 0.21
and 0.31. Fig 27 shows the true stress-true strain curves for the
above alloys. Both biaxial and uniaxial data are included. As can be
seen from this figure the stress-strain curves for biaxial tension
generally lie above those for uniaxial tension despite r being less
than unity. Theoretically the stress-strain curve for an anisotropic
material should be different in biaxial tension compared to uniaxial

tension (227), Mellor and Bramley (279) have studied the flow behaviour
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of anisotropic metals and concluded that the biaxial stress-strain

curves could be predicted from uniaxial tensile test data using the

relationships
0= 'I+—1rré o
(——2——) AVE (48)
e = (2 )} ey (49)
1+7r
where € = Biaxial true strain
¢ = Biaxial true stress
r = Average planar anisotropy index
O ANE S Average uniaxial tensile true stress
CAVE © Average uniaxial tensile true strain

The yield criterion of anisotropic sheet metal under combined stresses,
developed by Hil1l (92) from the Von Mises criterion included special

types of anisotropy of engineering importance, in particular, anisotropy
resulting from the textures of cold rolled sheet metals. If it is

assumed that sheet texture gives rise to transversely isotropic properties

(280) (as an approximation) and o4 =0, the Hi11 yield function reduces

to
2 2 2
(00 +02) + (1 +2r) (0, m0,) = 2(1 + rou (50)
where o,ando, = principal stresses
%u = uniaxial yield stress
r = strain increment ratio
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Hosford and Backofen (281) simplified the above to

ob = (F‘*}); (51)
ou
for the case of balanced biaxial tension

where

Equibiaxial yield stress-

Q
o
]

=
1]

Average strain ratio € w/Et

Table 6. Compares the ratio ub/uu calculated using Hills theory
with values determined experimentally.

cb/cu
Alloy Calculated Experimental
6010 0.89 5
2117 HP 0.97 1.04
2117 CP 0.92 1:.17

Table 6. Comparison of calculated and experimentally determined
values of ob/ou.
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These results show the same trends as those published by Woodthorpe

and Pearce (95). They also calculated °b/%u to be less than unity
while the experimentally determined ratio was greater than unity.

The above results indicate that Mellor and Bramleys modification of
Hills theory is not valid for aluminium, a fact concluded by Woodthorpe
and Pearce who suggested that the anomaly could be a result of the
deformation behaviour of aluminium. Bassani (96) has found that the
above discrepancy is explicable in terms of certain texture components
when applying the Bishop-Hill analysis of crystal deformation (282).
When r and 9b/% are plotted for ideal transversely isotropic textures
he has observed regions where ob/cu and r 1ie on opposite sides of

unity. Fig (44) summarises the results of his calculations.

60

[}
70
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!
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Fig. 44. r-values (top number in pair) and ob/ou for ideal textures

associated with points on spherical triangle (96).
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Minimum r values for ideal textures occur in thé neighbourhood of

[ 100 ] and the maximum r value is at the [ 111] ideal texture.

Shaded regions in the unit triangle show texture components which would
demonstrate anomolous behaviour. However, the magnitude of the
observed discrepancy is much greater than that calculated even on the
basis of sharp ideal textures. When the 2117 alloys are considered
(which show strong (110) textures) it is quite inconceivable that

Bassani's explanation of the anomoly is correct.

Another possible explanation for the anomalous behaviour of aluminium
may be non-perfect planar isotropy ie. the condition for e,= ¢,

in bulging does not correspond to o, = 0,.

Hero and Naess (283) have suggested that the differences in the stress
strain curves for aluminium when r £ 1 may indicate that the concept

of isotropic work hardening may not be correct. Non-isotropic work
hardening could arise as a result of microscopically inhomogeneous

slip deformation. Coarse slip bands and shear bands are relatively
ineffective in biaxial stretching but can develop readily in
unconstrained simple tension. The work hardening rates for 6010,

2117 CP and 2117 HP as measured by the change in stress and change in
strain do/de were calculated from bulge test and uniaxial tensile test

data.
The results are presented in Fig 45 (a)-(c). It can be seen that for

alloy 2117 CP the work hardening rate at any given strain in biaxial

tension is greater than that in uniaxial tension. The concept of
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isotropic work hardening therefore does not appear to be valid for

2117 CP in agreement with the suggestion of Hero and Naess. Similarly
for 2117 HP the uniaxial tensile work hardening rate is above that for
biaxial up to strains of ~ 0.25 after which both do/de curves coincide.
This fact would not be evident from the normal uniaxial tensile test

data as uniform strains above ~ 25% are not reached. Alloy 6010 exhibits
a cross-over point at e~0.12 below which do/de 1is higher in uniaxial
tension. The do/de curves presented are not smooth but show changes

in slope - notably around the 1imit of uniform elongation. This rather
sudden loss of work hardening capacity will contribute to instability

and the rapid transition to local necking.

It seems likely that several of these observed phenomena are associated
with the development of coarse slip bands and shear bands as suggested
earlier by Andersson (284). The strengthening effect in age hardened
alloys arising when particle size and spacing is small, such as with
coherent G.P. zones, can be explained if we consider the way in which
dislocations react with these particles. Slip dislocations can cut
through them during the early stages of deformation. Once these
particles have been cut it becomes progressively easier for further
dislocations to move along the same slip plane as the particles no
Tonger act as such effective barriers. This results in an inhomogeneous
mode of deformation in the form of intense slip bands which may

link together from grain to grain, especially in the presence of a
suitable sharp texture, to create macroscopic shear bands. These in
turn can develop into shear fractures of the types commonly found in
these alloys. It seems highly probable that the relatively low

tensile ductility in rolling direction specimens and the tendency for
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fracture along the transverse direction in equi-biaxial bulging are due

to this type of texture-induced shear band formation.

Alternatively, when the particles are large and widely spaced, such as
the equilibrium precipitates, slip dislocations do not cut these

particles but avoid them by cross-slip or Orowan looping mechanisms.

The theory behind these effects can be explained if we consider a
dislocation line, subjected to a small shear stress, moving until it
reaches an obstacle. If the stress increases, it will bow out
between the obstacles and a sufficient increase in stress will cause
it to break through the spaces between them. The stress required

for the latter is given by the Orowan formula.

o = 2Gb (52)

Stress

Q
]

where
G = Shear Modulus
b = Burgers Vector

d = Interparticle spacing

When yielding takes place by this process a dislocation loop is left
around each obstacle. This increases the effective size of the
particle and consequently decreases d. It would therefore be expected
that work hardening should be more rapid in a dispersion hardened
system than in one that does not depend on this mechanism. Considering
Fig. 24 we can see that alloy 6010 has a very high proportion of

submicron particles. In contrast the 2117 alloys have much lower
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particle counts but a greater proportion in excess of lum diameter.
5182 has a particle count approximately three times that of the 2117

alloys with an equal diameter distribution..

The strengthening increment due to second phase particles was
calculated using the Orowan formula assuming an equal volume fraction
of particles for each alloy. This approximation is well justified in

view of the small volume of fraction of second phase. Interparticle

spacing was calculated as

d =f Field Area (53)
No. of particles observed

Table 7. Summarises the increment of hardening that may be attributed
to Orowan looping around the observed particles.

Alloy Mean Inter-Particle Spacing Strengthening
i) increment
R (MPa)

6010 1.9 4.5

5182 3:3 2.6

2117 CP 5.45 1.6

2117 HP 5.7 1:5

Table 7. Hardening increment attributable to Orowan looping around

observed second phase particles for alloys 6010, 5182,
2117 HP and 2117 CP.
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These effects are clearly very small in comparison with the typical
yield and flow stresses of the alloys (~ 200 MPa). It must therefore
be considered unlikely that such particles can play a significant role

in the plastic deformation of the alloys.

Fig 46 illustrates the pattern of true thickness strains for a row

of grid circles on 2117 CP sheet bulged through a circular die at
various pressure increments. The solid line denotes experimental
strains whilst the broken line shows calculated strains. The
calculated strains were computed using a finite element programme
developed by Dr. P. Bate , a member of the department. An explanation
of his programme has been presented elsewhere (285). It can be seen
that agreement between experimental and calculated va]ueslis quite

good for strains developed at the bulge periphery. However as the

pole of the bulge is approached so the discrepancy between experimental
and calculated strain increases. Since a state of plane strain exists
at the bulge periphery which changes progressively to one of equibiaxial
strain at the pole it might be expected that an equation utilizing

data obtained from uniaxial tensile tests would approximate plane strain
conditions more closely, in the case of aluminium, for reasons proposed

earlier by Hero and Naess and discussed above.

Discrepancies between calculation and measurement become increasingly
severe towards the pole of the bulge (biaxial stretching). Agreement
in this region could certainly be improved if the stress-strain data
used in the programme were derived from biaxial testing since the

lighter flow-stress levels would lead to reduced strain values as
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Fig. 46(a) Comparison of true thickness strains for a row of
grid circles on 2117 CP sheet bulged through a
circular die at various pressure increments (solid
line) with calculated strains derived using a finite
element technique (broken line).

(b) Bulge height Vs pressure curves for 2117 CP sheet;
experimental values - solid line, calculated values -
broken line.
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measured. Taking these results together with the earlier discussion
it does not appear that simple yield and flow criteria of the von Mises

or Hill type are adequate to describe these types of aluminium alloys.

6.4 Factors Controlling Limit Strains

Limit strains for the four alloys shown in Fig 31 were determined
using two different test techniques. In the first method varying
strain ratios were induced by bulge forming sheet specimens through a
series of elliptical dies and by the use of specially shaped tensile
specimens. The second method utilized the procedure attributed to
Nakazima. Results showed that 1limit strains determined using the

two methods differed significantly. Nakazima strip tests consistently
produced limit strains which were higher than those measured using

the alternative approach. Similar results have been obtained by
Pearce and Ganguli (286). Differences in test method parameters

were restricted to specimen curvature, described in section 3.5.1.3
and the effect of friction between punch and metal surface occuring in
the Nakazima strip tests. Charpentier (222) found limit strains to
increase with increasing punch curvature (1/R) at constant material
thickness. This is in agreement with the findings presented above if
we consider R to be the punch radius or bulge specimen radius.
However, it is more likely that the effect described above is a
consequence of the boundary conditions that exist between sheet and
punch and which are lacking in the hydraulic bulge test. It is
suggested that the effect of friction between the punch and sheet

surface will be to restrict straining in the contact area and so
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inhibit the formation of a local discontinuity. In particular, the
tendency for macroscopic shear band formation which could Tead to a
shear fracture will be restricted in the case of punch stretching but

can occur freely in bulging.

Alloy 5182 and both the 2117 alloys show a preference for the failure
line to run parallel to the transverse direction of the sheet in
biaxial testing. Lower tensile ductilities were observed in specimens
cut parallel to the rolling direction than in transverse direction
specimens. Almost certainly these effects have their origins in the
crystallographic textures of the sheets. The major peaks in the (111)
pole figures, Fig 23, are approximately 40° from the sheet normal,
tilted towards the rolling direction. These correspond to concentrations
of crystallographic slip planes which are oriented to favour the type
of shear failure that is observed in these alloys. Similar effects
have been found by Andersson (284) in an Al1-Zn-Mgalloy. More detailed
analysis of this phenomenon is necessary but there does seem to be

a clear effect of crystallographic texture on the failure process
which is apparently related to the forming Timits. In the case of
alloy 6010, the texture is rather weak and does not show the same
disposition of the (111) planes. This different texture together

with the much higher inclusion density probably accounts for the

fact that failure occurs preferentially parallel to the rolling

direction in this alloy.

Three types of failure mode were generally observed during the

determination of limit strains, Fig 32. These consisted of a ductile
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fracture behaviour within a neck normally observed in punch stretched
or tensile specimens where the minor strain e, < 0, shear failure in
an apparent plastic neck evident in some punch stretched and hydraul-
ically bulged samples and an abrupt shear failure without evident

prior necking observed in hydraulically bulged specimens approaching

equibiaxial straining.

These failure modes produced fracture surfaces of the type shown in
Fig 33. The process of ductile fracture by void nucleation and
coalescence is well documented and is covered in section 3.4.5.
French and Weinrich (287) have examined the influence of the degree
of stress triaxiality on the tensile fracture of F.C.C. metals and
alloys. They found that the most common feature of deformation of
these alloys was the occurence of microscopic shear zones prior to
fracture. Microstructural observations in the present work suggest
that shear bands develop as sharp localized instabilities and that
separation occurs by linking of voids within the shear bands, Fig 35.
The tendency for fracture without prior necking is greatest in the
2117 CP alloy and least for 5182 which displays serrated yielding.
The characteristic directions along which shear instability bands form

depends on the stress state.

In the event of fracture by either ductile or shear mechanisms, voids
were not observed to develop at the site of instability until the
moment of failure. This is probably due to the strong particle/
matrix interface observed in aluminium alloys (117). Because of this
voids develop only just prior to fracture and void coalescence occurs

rapidly and only close to the fracture path.
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The most significant findings of the present work are that different
failure mechanisms can operate depending on strain state and surface
condition, and that limit strains can be greatly reduced. As
previously stated, the tendency for fracture without prior necking is
greatest in the 2117 CP alloy where this occurs for all conditions of
biaxial stretching and least for 5182 where necking always occurs
unless the sheet is scratched, Fig. 39. In cases where there is no
localization of strain prior to the final failure, it is clear that
the M-K hypothesis of continuous groove development cannot apply. If
failure occurs by the linking of voids within a shear band, as has
been observed, then the criterion that defines the limit strains is
that for the initiation of a shear band. This subject has received
considerable attention in recent years and some of the effects relevant
to sheet metal forming have been recently summarised by Bird and
Duncan (288). It has been suggested that shear bands will occur if a
zero or negative work hardening rate is reached in the homogeneous
deformation behaviour. However, this condition would imply failure

at a constant value of effective strain which is quite different

from the observed behaviour. On the basis that the shear band may

be triggered by an avalanche of slip dislocations when the stress at
the tip of a pile-up reaches a critical value to overcome the resistance
of hardening-precipitates, or other obstacles, a simple critical shear
stress condition might be expected. A criterion of this type can

be applied as shown by Embury and LeRoy (237) to calculate the shape
of the F.L.C.
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Calculations of forming Timits, results of which are presented in
Fig 40, made use of effective stress-effective strain relationships
which were determined for each material in simple tension and

approximated by the relationship.

A single value of critical shear stress for failure was obtained for
each alloy by fitting the calculated values to the observed F.L.C.
values for conditions of abrupt fracture in smooth sheet. This
corresponded to strain states of biaxial stretching. Alloy 5182 could
not be included since abrupt fracture was not observed under any
condition in the absence of grooves. Having determined the relevant
critical shear stress, theoretical failure strains were calculated
for all strain states relevant to the F.L.C. Fig 40 shows there is
tolerably good fit in the stretching quadrant as would be expected
from the method of calculation. Any agreement for conditions of
negative minor strains must be coincidental since instability and
necking are expected to dominate the failure process here. Limit
strains were also calculated for the grooved specimens using the
appropriate shear stress values as before but also including a

“stress concentrating factor" which was obtained in each case by
fitting the calculation to experimental values. Fig 40 again shows
that tolerable agreement'can be obtained in this way. Despite the
extensive plasticity that has taken place there seems to be a residual
stress concentration arising from the shape of the grooves since these
are approximately twice as effective in the failure process as would

be expected on the basis of a simple reduction in cross-section.

-157-



Deep grooves are found to be proportionally more deleterious than

shallow ones, Fig 37.

It might be expected at first sight that a transition from a necking
mode to an abrupt fracture mode would be accompanied by a knee in the
F.L.C. as the criterion for failure changes. Fig 39 shows this is not
the case. However, examination of cross-sections of the fracture sites
shows that in many cases the local neck is formed by the operation of
a pair of shear bands leading to the intrusion of a rigid wedge of
material. The example in Fig 32 (b) is probably of this type. If
this view is correct the distinction between necking and abrupt
fracture may not be fundamental in such alloys but may reflect the
point at which a localized plastic shear leads to decohesion and

shear fracture. As the strain state moves progressively towards
biaxial tension the level of the effective strain increases and the
residual ductility decreases so that conditions for abrupt fracture
are established. Local necking which does not involve shear band
formation may still be expected when the minor strain has a negative

value.
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) CONCLUSIONS

Investigations have been carried out on a wide variety of strong
formable aluminium sheet alloys. The chief aims have been to

evaluate their important mechanical properties and to try to

understand the factors which control their formability. The main find-

ings were as follows:

1. It is not possible to select one family of alloys as generally
superior to the others. Instead it has been found that specific alloy
composition and processing route play a significant role in determining
the final formability that an individual alloy may possess. There is

a trend towards lower ductility in alloys with higher proof stresses

but no obvious correlation with U.T.S. values.

2. Ageing characteristics of the alloys differ considerably. These
can be broadly grouped into three types of response associated with
alloy composition, The 6xxx family show the most promising results
because of their combination of good low temperature ageing
characteristics, a result of Cu content, and higher temperature
characteristics, a result of Mg-Si content. The 2xxx alloys have
inferior ageing responses at temperatures in excess of 160°C due to
stress relief or reversion effects. Alloys of the 5xxx family are not

age-hardenable and soften by recovery processes.

3. A new technique has been developed enabling uniaxial tensile stress-
strain data to be obtained at strains upto twice those normally reached.

This has allowed comparison of stress-strain relationships from
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uniaxial and equibiaxial tensile tests at strains approaching failure

in the latter mode of stretching.

4. It has been confirmed that a discrepancy exists between the
stress-strain curves obtained from uniaxial and equibiaxial tensile
tests which cannot be explained in terms of either the Hill or Bishop-
Hill theories. It is concluded that thé most likely explanation for
this anomoly is that these materials do not show isotropic work hard-

ening.

5. It is believed that deformation mechanisms in these alloys involve
unusually coarse slip bands and shear bands. Non-isotropic work-
hardening may arise as a result of microscopically inhomogeneous

slip deformation which is favoured by certain states of macroscopic
strain. Both instability and fracture are controlled by these

mechanisms.

6. Alloy texture is important to work-hardening, ductility and
formability due to its associated effect on shear band formation. It
is proposed that, during inhomogeneous deformation, intense slip bands
may link together from grain to grain, assisted by the presence of a
suitable sharp texture, to create macroscopic shear bands. Void
formation and linkage within these bands leads to shear fractures

of the type observed in these alloys.

7. Forming limit curves are influenced by mode of testing, alloy

type, texture and surface condition.
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8. Different failure mechanisms have been found to exist which are
dependant on the applied stress state. The failure modes range from
necking (fibrous ductile fracture) to abrupt shear fracture with a

mixed mode of fracture prevalent between the two extremes.

9. Forming Timit curves for these alloys can be modelled reasonably

well on the basis of a critical shear stress for fracture.

10. The stress concentrating effect of surface scratches can dominate
the failure process in these sheet alloys and reduce the level of the
F.L.C. The amount by which the limit strains are reduced is directly
related to the severity of the surface defects introduced. Scratches
produce a stress concentrating effect which promotes premature shear
fracture rather than failure by gradual groove development as

proposed by Marciniak.
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APPENDIX A

Calculation of Theoretical Limit Strain

Assuming constancy of volume, then

As a starting point the major and minor strains, e and e, respectively,

are determined experimentally. True strains are then given by

m
"

1 In (1 + e])

™
]

5 = In (1 + ez)

The strain ratio 8 and thence the stress ratio a are determined as

B R e /e

a = 02/01 = (28+ 1)

————e.

(2 +8)

Effective strain, © , is given by

o |
'

4 2 2
//3 {e] + ez + e_l 52)

m
n

Py e]/4h (1+84+ 82)
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Assuming the material behaviour can be described by the Holloman

equation, the effective stress (o) is

Q|
"
-~
™|
=5

where K and n have been previously determined from uniaxial tensile test

results.

The principal stresses are related to the effective stress by an

equation of the form

/012 + 022 — a.l 02

/012 - CIU.IZ + 02 a 2

1
F//'I-a.+u.2

The critical shear stress (x_.) is given by

Q]
"

Q|
1

Q
n

1 = oy (for the range 93< gp< oy )

Having obtained a value of Ter (normally at the equi-biaxial tension
condition) the calculation is carried out in reverse for different
assumed values of a. This produces the values of e and e, for various

stress (strain) states which comprise the forming limit curve.
We now introduce the scratch stress concentrating factor C derived as

C = Actual Stress
“ Apparant Stress
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New °q = 2 Top

C

We now apply values of a and calculate corresponding values of 8, e

and €.
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