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Abstract

AAB082 is a relatively new structural alloy in the 6000 aluminium alloy series. This study evaluated the deep drawability of AA6082-O
sheet metal. Uniaxial Tensile tests were conducted on specimens prepared according to DIN 50125-E standard, for three angular orienta-
tions (0°, 45°, and 90°) relative to the rolling direction. Erichsen Cupping tests were conducted on 60 mm x 60 mm blanks of two gauge
thicknesses (1.0 mm and 2.0 mm) and also on segmented blanks. A WP 300 Universal Material Tester, with a loading capacity of 20 kN,
was used for all the tests. The Tensile Strength was higher in the rolling direction (0°) than in the transverse orientations (45° and 90°).
The resultant Forming Limit Curve (FLC) level of the established Forming Limit Diagrams (FLDs) was higher for the 2.0 mm thick
blanks than the 1.0 mm thick blanks. Thus the alloy’s formability is affected by the sheet thickness and orientation. It increases with
sheet thickness, but the alloy exhibits planar anisotropy (Ar<0). AA6082 sheet fractures with no observable necking under uniaxial ten-
sion conditions, and exhibits non-uniform yielding characteristics. However, the general stress-strain behaviour is typical of that of the
aluminium 6000 alloy series.
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heat treatment or cold working. The magnesium and silicon form
the intermetallic compound; magnesium silicide, Mg2Si, rendering

1. Introduction the alloys heat-treatable. The alloy’s typical composition is as

Formability is the ability of the sheet metal to undergo plastic !ll_satslci |1n:

deformation prior to the onset of failure [1 - 3]. Regardless of the

type of forming operation; the intrinsic and extrinsic characteris- Table 1: Typical AA6082-O Alloy Composition
tics of the sheet material, angular orientation relative to the sheet ~Ejement % by Weight
metal’s rolling direction, and sheet thickness greatly influence the — Aluminium (Al) 95.2-98.3
material’s formability [3 - 5]. Unexpected failures may be encoun-  Silicon (Si) 0.7-1.30
tered during the forming process; due to strain localization, poor ~ Magnesium (Mg) 0.6 -1.20
surface finish or other defects of which the causes remain un- ~ Manganese (Mn) 0.4-1.00
known [3], [6]. Moreover, little is known of material behaviour  ron (Fe) D= 02
between the necking and rupture zones. In many cases the actual gmggﬁ;n @y 88 : 838
stampings are formed way beyond the necking point [7]. Little  Tji7nium (Ti) 00-0.10
information is available on the formability of aluminium AA6082-  cqpper (cu) 0.0-0.10

O alloy; which is a relatively new structural alloy in the 6000 se-  Residuals (Others) 0.0-0.15

ries aluminium alloys.

In this study the formability of AA6082-0 alloy has been experi-
mentally determined by Uniaxial Tension tests and Erichsen Cup-
ping tests. Test specimens of two different gauge thicknesses
(2.0 mm and 2.0 mm) were tested, using a WP 300 Universal Ma-
terial Tester with a loading capacity of 20 kN.

1.1. AA6082-0O alloy composition and mechanical prop-
erties

Aluminium AA6082-0O alloy is a 6000-series variant, supplied in
annealed (O) condition [8]. Like any other aluminium alloys in the
6000 series, magnesium and silicon are the major alloying ele-
ments for this alloy. The strength is moderate and attainable by

Aluminium AA6082-0 is a medium strength structural alloy, with
excellent corrosion resistance, commonly used for machining in
plate form. It has the highest ductility compared to any other
AA6082 variants, and the highest tensile strengths of the 6000
series [8, 9]. The typical mechanical properties are given in

Table 2 [8]:

Table 2: Typical Mechanical Properties of AA6082-O

Properties Value
Proof Stress 85 MPa
Tensile Strength 140 MPa
Young’s Modulus 69 GPa
Brinell Hardness 40 HB
Total Elongation at break 18 %
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permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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As a relatively new alloy, with higher strength and excellent cor-
rosion resistance compared to AA6061 alloy, AA6082-O alloy has
replaced AA6061 in many applications; such as in the automotive
industry, the aircraft industry and even in the ship building indus-

try.

1.2. Structural sheet metals’ formability characteriza-
tion metrology

Formability evaluation of sheet metals involves measurement of
strength, ductility, and the amount of deformation required prior to
fracture. These parameters are normally experimentally deter-
mined, through mechanical simulative test experiments, to simu-
late the functional loads and conditions found in many formed
sheet metal parts. In this study two simulative tests, relating to the
strain hardening (n — value) in biaxial stretching and to the plastic
anisotropy (r — value) in deep drawing operation were considered.

1.2.1. Formability characterization by uniaxial tensile test

The uniaxial tensile test is a mechanical simulative test method
which involves pulling the specimen to failure in uniaxial tension
conditions at a controlled slow strain rate while the specimen is in
the test environment, and examining the specimen for evidence of
stress-corrosion cracking [10]. The test is used to evaluate the
formability of a given sheet metal in stretch forming operations,
under uniaxial loading. This test technique can also be used to
evaluate a new material, based on a general knowledge of forma-
ble sheet metals.

However, most structural metallic materials are anisotropic. The
manner in which a metal sheet is processed and its thickness prop-
erties influence the uniformity of microstructure along the length
of the test material. The location from which a test specimen is
machined from the rolled metal sheet also influences the measured
tensile properties.

Moreover, mechanical properties of the same sheet metal grade
and thickness may vary from coil to coil, subsequently affecting
the part quality and scrap rate, stress state and material flow
(formability) [3]. These variations can be due to the directionality
in the microstructure (texture) from forming or cold working op-
eration, the controlled alignment of fibre reinforcement and a
combination of a variety of other causes. Even in carefully per-
formed test experiments, variations in tensile properties are always
encountered.

Thus, formability determination of sheet metals by tensile tests is
normally realised with test specimens machined in three principal
angular orientations (0°, 45° and 90°, relative to the metal sheet
rolling direction) as illustrated in Fig. 1.

Based on sheet metal formability literature [1], [11 - 15], the
common fundamental metal sheet’s formability characterization
parameters in stretch forming, determined by tensile tests in-
cludes; the tensile strength; ductility, strain hardening exponent
(n-value) and the plastic strain ratio (r-value).

Rolling Direction (R.D.)
e

> Transverse
Direction (T.D.

Deformed crystal grains which elongate in
the most severely strained direction

Roller

Fig. 1: Uniaxial Tensile Test Specimen Cut at an Angle of Orientation
Relative to the Metal Sheet’s Rolling Direction [16].

1.2.2. Total elongation, (% El)

The total elongation determines the capability of the sheet metal to
stretch without necking and failure (ductility) [3], [11]. It is the

ratio of the change in length (Al) to the initial gauge length (lo) of
a tensile test specimen:

- a
{%ED_loﬂx{L’}l )
A metal with a higher uniform elongation has the capability to
undergo a large amount of strain hardening, hence a good forma-
bility.

1.2.3. Strain hardening exponent (n-value)

The n-value relates to the ability of a sheet material to undergo
large uniform strains and plastic deformation during biaxial
stretching [11], [16]. A high n-value indicates a large uniform
elongation. The higher the n-value the better the formability of an
alloy [10]. The n-value is determined by measuring the stress —
strain response in the plastic region prior to necking [13], as de-
scribed by the Holloman-Ludwig equation:

o =Ke"

@

Where o, €, and K are the true stress, true strain and strength coef-
ficient, respectively.

Graphically, the n-value is equivalent to the slope of the true
stress/true strain curve up to the maximum load, when plotted on
log-log coordinates [3], [14].

100 — Start of necking

True stress, o (ksi)

1 I | e
0.001 0.01 01 a/b 1.0

True strain, ¢

Fig. 2: Log True Stress-Log True Strain Curve [17].

The range of n-value is normally known to be 0 <n <I. The mate-
rialswithn=0 and n =1 are said to be perfect plastic solid mate-
rials and elastic solid materials, respectively. However, ductile
metals such as aluminium, normally exhibits n-value in narrow
ranges (0.02 <n <0.5) at room temperature [3].

1.2.4. Plastic strain ratio (r-value)

The plastic strain ratio measures sheet metal's drawability. It is
useful for evaluating materials intended for forming shapes by
deep drawing operations. The r-value is the ratio of the true width
strain (ew) to the true thickness strain (et) in sheet metal tensile
testing [5], governed by ASTM E517 standard:

]
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The subscripts o and f refer to the original and final dimensions of
the specimen, respectively. The final length (If) and width (wr) of a
test specimen are measured at elongations below necking point. A
high r-value (r > 1) is an indication of good drawing properties
[15], [17]. The r-values for aluminium alloys, produced by con-
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ventional rolling and annealing processes, are known to exist only
in a narrow range (0.55 <r < 0.85).

The r-value is influenced by the sheet thickness and angular orien-
tation of the test material relative to the rolling direction of the
sheet. Hence, r-values are usually determined from three different
angular direction of loading in the plane of sheet metal; (0°, 45°,
and 90°, relative to the rolling direction), and the normal r-value
is taken to be the average. There are two types of plastic anisotro-
py, namely:

1) Planar anisotropy: The sheet material’s properties in the
thickness direction and in the plane of the sheet are differ-
ent.

2) Normal anisotropy: The sheet material’s properties vary
with direction in the plane of the sheet.

1.2.5. Planar anisotropy (Ar-value)

The Ar-value determines the drawability of sheet metal in relation
to the formation of ears on deep drawn parts [3].

i} Ty 2"45“ +ryp
2 4)

The Ar-values are characteristically < 0. When Ar = 0, no ears
form on the drawn part. The height of the ears increases with Ar-
values.

1.2.6. Average normal anisotropy (ravg-value)

The ravg-value determines the limiting drawing ratio (drawability)
of a drawn cup [3]. Using tensile test results the ravg-value is de-
termined as:

. Tyt 2"45" iy
arg = 4 (5)

Normally 0.4 < ravyg < 1.8 [18], but aluminium alloys are known to
have typical ravg-values of 0.6 < rayg < 0.8. The formability of sheet
metals increases with high rawg-values [14], [18]. To have a better
formability ravg should exceed unity.

To optimise the deep drawability in sheet metal forming, a combi-
nation of high rayg and low Ar-values is required [3, 19, 20]. In this
case, the sheet metal is expected to have a low yielding strength,
and high ductility.

1.2.7. Formability characterization by Erichsen cupping test

The Erichsen Cupping test is a mechanical simulative test method
used to assess the ductility and determine the stretching properties
of sheet metals [10], standardized by ISO 20482. The test consist
of stretching the specimen, clamped at its edges between a blank
holder and a die, into the circular form die cavity using a hemi-
spherical punch until a through crack appears [3], [14], Fig. 3, and
measuring the maximum depth of the impression at fracture.

@33

punch
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specimen

\————"die
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Fig. 3: Erichsen Cupping Test Principle [14].

This testing method is normally used to evaluate the formability of
sheet metals and strips having a thickness of 0.1 mm up to 2 mm
and a width of 90 mm or greater in stretch forming [21]. However,
numerous test tool sets have also been developed, for cases when
test materials are thicker and when only narrower strips are avail-
able [21].

A grid pattern of circles is printed on the surface of the test mate-
rial, using electrochemical or photo printing technique prior to
undertaking the deep drawing operation. The diameter (do) of
these circles has a typical range of 2.5 < do < 5.5 mm. However, to
improve the accuracy of measurements these circles could be
made smaller as is practical.

Some of the printed circles deform into elliptical shapes of differ-
ent sizes when subjected to loading. The dimensions of the de-
formed circles are used to determine the magnitude and direction
of surface strains in sheet metal forming [3]. The depth of the
formed indentation and diameters of the deformed circles are
measured to determine the formability of the sheet material.

Based on deep drawing operations literature [3], [6], [7], [14],
[21], [22], the most common formability indicative parameter of
sheet metals in stretch forming by Erichsen Cupping test include:
the Erichsen Index number (IE); the Limit Drawing Ratio (LDR);
and Forming Limit Diagrams (FLDs).

1.2.8. Erichsen index number

The Erichsen Index number (IE) is equivalent to the depth of the
drawn cup (punch penetration depth, h), measured upon the com-
pletion of the test [3]:

IE = Punch penetration depth (k) (6)
Greater IE-values signify better formability.
1.2.9. Limit drawing ratio, LDR-value

The LDR-value measures the drawability of a sheet metal. It is the
ratio of the maximum blank diameter (Db) that can be drawn with-
out tearing or failure to the smallest diameter of the cup drawn
from the blank, represented by the punch diameter (Dp) [3], [10]:

Dy
LDR = —
D

b
U]

The validity of the determined LDR value is subject to equation

(8):
In (g—;) =1 -

Theoretically, the maximum LDR value of a sheet metal in deep
drawing operation could be as higher as 2.72. However, practical-
ly, due to friction and the effects of bending and unbending, the
LDR is significantly lower than 2.72 [19]. The typical values of
friction and tooling geometry LDR is in the range of 1.9 <LDR <
2.2. The greater the LDR-value, the more extreme the amount of
deep drawing. In mechanical deep drawing operations, an LDR >
2 signifies better formability [3].

1.3. Forming limits

Forming limit strains are used to determine the maximum multi-
axial ductility of sheet metals [3]. The change in forming limits is
determined experimentally using different specimen geometries
and deformations with linear strain paths. Strains (major strain, €1
and minor strain, g2) can be evaluated from the deformation of
circle grids, plotted on the surface of the test specimen upon un-
loading as illustrated in Fig. 4.
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Fig. 4: Strain Analysis (Major and Minor Strain Determination).
1.3.1. Major Strain, €1
The e2-value is determined from the largest dimension of the de-

formed circle (di: major axis of the formed ellipses), relative to the
initial circle diameter (do):

%) 100 - 1 (%) @

1.3.2. Minor Strain, £2

&9 =

The e2-value is determined from the smallest dimension of the
deformed circle (d2: minor axis of the formed ellipses), relative to
the initial circle diameter (do):

K].DD:]D(%)

The pairs of the major strains and minor strains are used to deter-
mine the coordinates on the Forming Limit Curves (FLCs), and in
the establishment of the Forming Limit Diagrams (FLDs).

e=(fr%
4 (10)

1.3.3. Forming limit diagrams (FLDs)

The FLDs (Fig. 5) are the traditional failure prediction tool, used
for the formability characterization of sheet metal under uniaxial,
biaxial, and equal-biaxial tension conditions, proposed by Keeler
(1965) and Goodwin (1968) [3], [14], [23], [15].
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Fig. 5: Typical FLD Schematic by Keeler and Goodwin [14].

The diagram is established by plotting the major strains at the
onset of necking of a sheet metal on the vertical axis and the cor-
responding minor strains on the horizontal axis [10]. The onset-of
the failure line (Forming Limit Curve - FLC) divides all possible
strain combinations into two zones: the safe zone (in which failure
during forming is not expected) and the failure zone (in which
failure during forming is expected). Numerous studies [14, 23-34]
indicate that Forming Limit Diagrams are effective tools for
measuring the formability of sheet metals. However, the forming
limits are affected by punch arc radii, condition of the sheet metal,
material properties (e.g. tensile strength), strain condition in geo-
metrical features of the sheet metal, and thickness of the sheet
metal. Every sheet metal has a unique Forming Limit Diagram
defining its formability, strain limit, and the forming regions [31].
A formability study on steel sheets by [32] confirmed that the
strain rate has a significant influence on the formability of steel

sheets as exemplified by high strain rate FLC being lower than the
static strain rate FLC in the biaxial stretch forming region.

2. Materials and methods

2.1. Uniaxial tensile test experiment

Two sets of AA6082-O rectangular cross-section, flat specimens
(2.0 mm and 2.0 mm, with 9 specimens per thickness) were pre-
pared. These specimens were machined according to DIN 50125
Standard Shape E. The specimens were cut at three angular orien-
tations (0°, 45° and 90°, relative to the metal sheet rolling direc-
tion), and a total of 3 specimens per orientation were used. The
contour of the sections of the specimens complied with DIN
50125 - E8 Standard (see Fig. 6-7).

@0 T=material
thickness /—
. ;_,]‘ . 9 8 q
2
———
12,5 45
— —_—

32,64 60

144

Fig. 6: Rectangular Cross-Section Tensile Test Specimen.

218 2
Fig. 7: Tensile Test Specimen Samples.

A WP 300 Universal Material Tester, with a loading capacity of
20 kN, fitted with an extensometer and a computerised data acqui-
sition system was used to carry out the experiments.

The test setup was established on the tensile zone of the Universal
Material Tester. The specimens were then subjected to tensional
load slowly and continuously until fractured. The loading and
extension data were measured and recorded. The generated test
result reports were used to determine the tensile properties, and
uniaxial tension behaviours, which were used in the establishment
of the FLDs.

2.2. Erichsen cupping test experiments

Two sets of AAB6082-O square shells (60 mm x 60 mm) deep
drawing specimens (1.0 mm and 2.0 mm, 5 specimens per thick-
ness per set) were prepared. Gridlines with an offset of 10 mm,
and a total of 5 concentric circles were printed on the surface of
the test specimens prior to the onset of loading. These circles share
the same centre with the test specimen (see Fig. 8). Four points
were marked on the circumference of the circles, two points along
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the vertical and two points along the horizontal centreline of the
scribed circles.

Fig. 8: Circle Grid Print on the Deep Drawing Test Specimens.

The diameters (initial diameters) of the 5 concentric circles, start-
ing from the inner circle (smaller circle) were: 5 mm, 8 mm,
17 mm, 23 mm and 27 mm, respectively. A circle stencil, a metal
scriber and an adjustable divider were used to scribe these grid-
lines and circles on the surface of the Erichsen cupping test spec-
imens before the tests.

To generate uniaxial, biaxial and equiaxial tension conditions, four
of the five (4/5) test specimens were cut to two distinct geometries
(SG1 and SG2), as seen in Fig. 9, with two test specimen samples
per test geometry, and per test thickness. A leverage sheet metal
shear was used to create the notches or grooved segments, to es-
tablish the desire geometries. The fifth test specimen was prepared
with no notches/grooved segments (SGO0), as seen in Fig. 9, per
each test thickness. These two specimens were used for the control
of experiments for each test thickness.

60

(a) SGO: Standard
Geometry

{b) SG*: Segmented (c) SG2: Segmented
Geometry Geometry
# #2

Fig. 9: Erichsen Cupping Test Specimen Geometries.

The dimensions of the created notches or grooved segment ge-
ometries (segment width x height x groove radius) were:

a) SGO: Un-grooved (no notches)

b) SG1:60 x 10 x (48.5 £1.50

c) SG2:60x10x (34.0+1.52)
Upon the establishment of the desired geometries, the 20 mm
spherical punch, 27 mm die and the inscribed surface of the spec-
imens were lubricated with Vaseline BLUESEAL jelly. After-
ward, the specimen to be tested was centrally mounted on the die
and clamped tightly between the die and the holding clamp using
two hexagonal bolts. The prepared body was then set on the Uni-
versal Material Tester (the same machine used for the tensile test
experiments), through the tube of the compression zone of the
machine, and the drawing punch gently pressed against the speci-
men by means of the hydraulic device using screw hand wheel on
the master cylinder, until a crack appeared on the budge dome (the

mirror). The penetration depth of the punch onto the surface of the
specimens was measured with a Vernier depth gauge, upon un-
loading, which gave the Erichsen Index (IE) of the drawn part.
After the deep drawing process the distances between the two
marked points on each circle’s vertical and horizontal centreline
were measured and recorded as minor and major diameters of the
distorted circles. These measurements were used in the determina-
tion of the minor and major strains, and in the establishment of the
Forming Limit Diagrams.

3. Results and discussion

3.1. Uniaxial tensile test

The tensile-test specimens fractured with little or no observable
necking, as evident in Fig. 10.

Fracture regions |

Fig. 10: Fractured Tensile-Test Specimens.

Stretcher-strain marks (Liders bands) were observed on the test
specimens cut at 90° to the rolling direction, starting from the top
(front) end of the specimen and propagating downward, as the
specimens were being loaded. The formed bands were observed to
be positively inclined (at an angle approximately > 45° , relative to
the axis of the specimen). This phenomenon is only common to
low-carbon-steels and other polycrystalline body-centred cubic
(bcc) metals, and to certain aluminium — magnesium (Al — Mg)
alloys [33]. Thus it could be that AA6082-O alloy is one of the
few Al-Mg alloys with non-uniform yielding characteristics.

3.1.1. Stress-strain behavior

It is evident from Fig. 11 that the alloy’s stress-strain behaviour
resembles that of a typical aluminium metal, with the characteris-
tic curve showing high formability and moderate tensile strength.
The specimens cut at 0° to the rolling direction exhibited the high-
est yield strength, tensile strength, and modulus of elasticity at
both thickness levels. However, the ductility of the 1.0 mm thick
specimens was lower than of the 2.0 mm thick specimens at the
respective angular orientations. This is in agreement with [5], who
discusses the effect of thickness and angular orientation on sheet
properties.
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Alloy : AAB082 - O sheet
Key : Th : Thickness RD : Rolling Direction

150 -
m ——Th: 1.0 mm, RD:
X« 90 deg.
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= ( . 45 deg.
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e 90 deg.
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§ \X Th: 2.0 mm, RD:
L%’ 30 45 deg.
[ —e— Th: 2.0 mm, RD:
0 0 deg.

0 3 6 9 12 15 18
Engineering strain (e) [%0]

Fig. 11: AA6082-0 Stress-Strain Behaviour.
3.1.2. Tensile properties
Tensile properties of tested specimens are listed in Table 3:

Table 3: Obtained Tensile Properties

Thickness  Orientation UTS(MPa) YS(MPa) E (GPa) El[%]
0° 138.57 82.11 88.33 12.37
1.0 mm 45° 130.13 85.39 85.09 11,92
90° 113.77 88.46 83.64 11.56
0° 139.08 72.61 89.60 16.93
2.0 mm 45° 109.60 72.86 64.48 16.52
90° 90.89 78.23 53.39 15.22

The tensile strengths for 1 mm thick specimens were consistently
higher than for the 2 mm thick specimens for all three orientations.
However, only the tensile strengths in the rolling direction for
both thicknesses approximate the value given by [8]. On the basis
of the ductility (% Elongation) the formability of this alloy is
highest in the rolling direction, and enhanced by increased sheet
thickness. The variability in the yield strengths at different orienta-
tions suggests the alloy exhibits anisotropic behaviour due to tex-
turing. In summary:

Alloy : AA6082 - O sheet

a) [UTS, E, %EL]®> [UTS, E, %EL]o0° ;

b) [UTS, E, %EL]4s®> [UTS, E, %EL]oo° ;

c) [UTS, E, %EL]20mm > [UTS, E, %EL]1.0 mm;
d)  YSo0°> YSus°> YSe; and

e) YS1.0mm> YS2.0 mm.

3.1.3. Strain hardening exponent, n

After applying a logarithmic operation on the Holloman-Ludwig
equation, the strain hardening exponent (n) values were deter-

mined from the log o — log & plot for the strain range of 0.05 % -
0.7 %, as shown in Fig. 12. The corresponding strength coeffi-
cients (K-values) were also determined using the Holloman-
Ludwig equation.
It can also be observed from Fig. 12 that the formability of the
alloy is highest in the rolling direction than in the transverse direc-
tion and 45° orientation, and increases with an increased sheet
thickness. In summary:

a) n>1,;

b)  Nno®>n4s® > nge® ; and

C) Niomm>N20mm
The n-values lie in the range 1.55 - 1.81. Thus the aluminium
AA6082-0 alloy has a higher range of n-values than those (0.02 <
n < 0.51) of comparable ductile metals. In general, an increase in
the n-value corresponds to an increase in an alloy’s resistance to
necking and indeed the tensile test specimens fractured without
necking. A perfectly plastic material would have an n-value of 0
while a perfectly elastic material would have an n-value of 1, so
the aluminium AA6082-O alloy deviates from the norm in this
regard. However n-values far exceeding unity have been calculat-
ed for stainless steels using modified Ramberg-Osgood models
[35]. A study on the deformation characteristics of AlzoPd21.5Mngs
poly-quasicrystals yielded n-values of 1.2 + 0.2 [36]. Thus the
AAB082-0 alloy chemical composition could reasonably account
for the n-values obtained in this study. According to a study on
intermetallic phase particles in a 6082 aluminium alloy [37], the
as-cast microstructure consisted of seven phases, namely: a-Al, B-
AlsFeSi, a-AlFeSi, a-Alis(FeMn)sSi, AloMnsSi, MgzSi and Si
between the aluminium dendrites. The major disadvantage of in-
termetallics is their low ductility, especially at low and transitional
temperatures. But heat treatment procedures, chemical solutions
and microstructural control can be used to improve the mechanical
properties of such alloys [38].

log (true strain) [%]

8.0 1
7.0 1
6.0 1 y =1.8054x+5.6605 | o Th:20mm, RD: 0 deg.
R2 = 0.9995
g 5.0 y = 1.6767x + 2.4957 Th: 2.0 mm, RD: 45 deg
=3 R2 = 0.9986
@ —a— Th: 2.0 mm, RD: 90 deg.
g 4.0 1 y = 1.5489x + 2.4964
» 2 =
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Fig. 12: Strain Hardening Exponent Determination by the Holloman-Ludwig Equation (Log X — Log E Plot).
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3.1.4. Plastic strain ratios

The computed plastic anisotropy ratios and n-values are listed in
Table 4.

Table 4: Plastic Anisotropy Ratios and N-Values

. . . R- K
Thickness  Orientation r e lave Ar B [MPa]
o 0.75 1.68 63.89
1.0 mm 45" 0.69 0.56 059 -0.20 1.55 35.39
50 0.23 1.58 38.17
[ 2.40 1.81 47.50
2.0 mm 45" 228 199 206 -044 171 51.77
50" 1.28 1.64 44.07

In the same manner as the tensile properties and n-values, it is
clear from Table 4 that the obtained r-values also indicated that
the formability of AA6082-0O sheet is highest in the rolling direc-
tion and enhanced by increased thickness.
This is evident from a combination of the following parameters:

a) [r, R, rave, n]Z.O mm > [I’, R, rave, n]l.O mm;

b) [nzomm > Niomm >1];

¢) [Rzomm>Riomm>0.5];

d) [rave]2omm > [rave]1.0mm > 0.5; and

e)  [ro>ras>re0]2.0mm > [Fo > ras > reo]1.omm

[Ar2.0 mm< -0.44] < [Arr.omm < -0.20]

Since all Ar values are negative, aluminium AA6082-O alloy is
susceptible to earing (Figs. 13-14) during deep drawing opera-
tions.

3.2. Erichsen cupping tests

3.5.1. Deep drawn specimens

The deep drawn parts demonstrated the differentiation of strain
state behaviour of the AA6082-O sheet metal, and possible deep

It was also observed during the test that less force is required to
cause the inward flow of material from the sides of the test speci-
mens for the thinner sheet metals (1.0 mm) than for the thicker
sheet metals (2.0 mm). This is evident from the differences in
height (E) of the drawn parts of the two thickness.

It was further observed that insufficient clamping force results in
excessive inflow of materials into the die cavity. This is evident
from the location of the two ears formed on the top section of the
drawn shells. These ears are all located on the notched/grooved
sections. It was also observed that the total number of the formed
ears is always in multiples of 2.

Fig. 14: Deep Drawn Specimens.

3.5.2. Breaking force, limiting drawing ratio and Erichsen
index number

Upon the unloading and completion of the experiments the aver-
age Breaking Force (F), the Punch penetration depth or Erichsen
Index number (IE) and Forming Drawing Ratio (Lpr) were de-
termined as listed in Table 5, and their relationship indicated in
Fig. 15.

Table 5: Average Breaking Force (BF), Erichsen Index Number (IE) and
Limiting Forming Drawing Ratio (LDR)

Specimen Geometry (SG) and Thickness

drawing defects that can be encounter during deep drawing opera- Indicative Param-  SGO SG1 SG2
tions with this alloy. It was observed that some of the concentric  eters 1.0 2.0 1.0 2.0 1.0 2.0
circles deformed into ellipses. This is evident only from the tested mm mm mm mm mm mm
specimens with notches/grooved segments (see Fig. 13): BFyye 2.7 740 350 779 623 87
[KN] . ’ . . . .
IE,,. 75 106 714 112 143 177
LDR,,, 3.0 2.0 135
Fig. 13: Drawn Specimen (2.0 Mm) with Deformed Circles.
—e—BF vs [E: 1.0 mm Sheet —e—BF vs |IE: 2.0 mm Sheet
4 y = -0.4086x + 3.8098 y =-1.1709x + 11.441 b [ 3
18 4 = -
8 R?=(.828 R? = 0.8832 L3
__ 16
w
= 14 4 r25
£ a
e 12 =
] F 2
T 2
e 10 A b=
.2 L -5
£ 81 1.5 -
s £
2 °7 y=17288¢-0.4505| 1 %
e 47 R?=0.8993 a
S 5 | y= -0.0211x% + 2.382k v vix=uT - 0.5 ?:0
S R?=0.9768 =
& o0 . . . o E
—
0 2 Breaking Fotce (BF) [kN] 6 8 10

Fig. 15: The Relationship between BF, IE and LDR.
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It is evident from Table 5 and Fig. 15 that as practically reasona-
ble greater loads (BF) are required when forming thicker metal
sheets than thinner metal sheets of the same type and grade. How-
ever, it can be inferred from Fig. 15 that as the cup depth (IE-
value) increases or material is thin (1.0 mm) there is an increased
tendency for forming defects (due to the resultant lower LDR-
value < 2.0).

Moreover, it is clear from Table 5 and from the formula for de-
termining the LDR-value that the material thickness does not have
any significant effect on the obtained LDR-values. Thus, the LDR-
value obtained for the SGO-geometry (LDR,, = 3.0) is more of a
material parameter than a geometric parameter, but the opposite is
very true for the LDR -values obtained for SG1 and SG2-
geometries (DR, = 2.0 and LDRg;, = 1.35. Thus it could be
inferred that AA6082-O alloy has the best drawability (
LDRgg, = 3.0)). Thus, better formability in forming AA6082-O,
alloy without occurrence of earing defects, is only attainable with
LDR > 2.0.

3.5.3. Deep drawing defects

Observed defects included earing, tearing, surface scratches and
excessive thinning. These defects are presented in Fig. 16-18. The
earing is a material property defect, which resulted from the aniso-
tropic properties of AA6082-0 alloy. The differences in the height
of the formed ears are greatly influenced by the blanking geome-
try; whereas the rest of the other encountered defects (tearing,
excessive thinning and surface scratches) are forming process
defects. Tearing and excessive thinning are due to high tensile
stresses, resulting from either excessive loading force or too high
blank holding pressure or a combination of the two. On the other
hand, the scratches on the drawn parts are a tooling parameter
defect, resulting from the tribology of the tooling used (surface
condition of the sheet, and the roughness of the punch and die).

-

Fig. 18: Earing, Tearing, and Excessive Thinning.
3.5.4. Forming limit curves (FLCs) and forming limit dia-
grams (FLDs)

The FLCs and FLDs of the alloy were established from pairs of
Forming Limit strain (g,,,) values obtained for various loading
paths, as indicated in Fig. 19. It is evident from the established
FLC levels that the formability of AA6082-O is enhanced by an
increasing sheet metal thickness.

—@—FLC: AA6082-0 [1.0 mm]

Minor strain (£2)

=
w
£
o
5
(%]
S
‘T
= 3 P

y P / o )'\:\\ \\\ 1 (e(go“/ ////‘ Ty u‘\b‘\aﬂa\

Er Ure s)Io T \\\\\\\\Q\\\ ;@c\‘;\&\% =7 £

~deq,. EOORN =z~
! Safe Zone \,$§‘44 Safe Zone
r T T T J T T T 1
-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4

Fig. 19: Strain Measurements and FLD of AA6082-O Sheet Metal.
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The FLCs for the two thicknesses (1.0 mm and 2.0 mm) do not
fall within one universal band; however they have similar orienta-
tion and shape. Since the FLC for the 2.0 mm thickness is higher
than the other one, it implies the formability of the alloy increases
with an increase in sheet thickness.

The major strain (¢1) and minor strain (g2) values obtained by var-
ying the blank thickness and groove size on the blank during the
Erichsen cupping tests were consistent and fell along the positive
minor strain (e2) axis as predicted by Keeler [14, 26, 29, 31]. The
shape and size of the grooves on the test specimens strongly influ-
enced the strain paths (distribution).

4. Conclusions

Based on the Uniaxial Tensile test experiments conducted; it is
inferred that aluminium AA6082-0 alloy’s stress-strain behaviour
resembles that of other aluminium alloys in the 6000 series. The
alloy fractures with little or no observable necking when subjected
to uniaxial tension, which denotes brittleness. It exhibits non-
uniform yielding characteristics (Liders band formation and prop-
agation), a phenomenon which is only common to low carbon-
steel alloys, and certain Al-Mg alloys.

The alloy also exhibits planar anisotropy characteristic (Ar < 1),
hence, is susceptible to earing defects in deep drawing forming
operations, especially when the Limiting Drawing Ratio of the test
material is less than 3.0 (LDR < 3).

The tensile strength of aluminium AA6082-O alloy is typically
highest in the rolling direction (0°), and enhanced by increased
sheet thickness. Thus the formability increases with sheet thick-
ness characterised by strain hardening exponent values and strain
ratios of n = 1 and r = 0.5 respectively. The alloy exhibits a
triple 12-behaviour (n» =1 = 0.5), but the formability is higher in
the rolling direction compared to the transverse directions.
Moreover, based on the Erichsen Cupping test experiments, the
Forming Limit Curve levels of the established FLDs of AA6082-
O alloy elevates with increased sheet thickness (
FLCypmm = FLCyg,., ). Thus, this gives further evidence that the
formability of AA6082-O alloy is enhanced by increased sheet
thickness, when the test material is subjected to uniaxial, biaxial
and equi-axial tension conditions in deep drawing operations.
Although it is normal with the Holloman-Ludwig equation to ob-
tain n -values greater than unity, the obtained n -values (
1.55 < My40082-0 < 1.81) are much higher (about 55%) than the
commonly known n-values (n < 1), and triple those of the

normal
comparable  brittle metals and aluminium alloys (
0.02<=n = 0.5, at room temperature). Hence further

comparable
work is required to clarify and confirm the range of the n-values
of this alloy (AA6082-0), by using:

1) Numerical simulative methods, applying other equations
such as the Ramberg-Osgood models together with the Hol-
loman-Ludwig equation used in this study, and comparing
the resultant n-values; or

2) Simulation software; or

3) Circular shell test specimens, with smaller grid circle prints,
and testing on same equipment; or

4) Different testing equipment.
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