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Abstract This article deals with the wrinkling limit dia-
grams for Aluminium 5086 alloy sheets having thickness of
2.00 mm annealed at three different temperatures namely
200, 250 and 300 °C. The study pertains to deep drawing
into cylindrical cups through conical die using a flat bottom
punch. When a conical die is employed, the need for a hold
down or clamping ring is eliminated. However, this enhan-
ces the propensity of the blank to fail by wrinkling or
buckling, particularly in the early stages of a drawing pro-
cess in which thin sheet blanks are used. It is proved by these
researchers and others that the onset of wrinkling takes place
when the ratio of strain increments (de/deg) or the ratio of
strain (g/¢y) reaches a critical value during the drawing
process. These values which could be determined experi-
mentally over which the wrinkling takes place has been
shown in the form of wrinkling limit diagrams for the above
grade at different annealed temperatures. An attempt is also
made to develop the wrinkling theory that predicts the
wrinkling based on results obtained in the form of wrinkling
limit diagrams established for the above grade at different
annealed temperatures. Further it was observed that the
annealed sheets having high n-value, high R-value and high
UTS/oy ratio improve the resistance against wrinkling.
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Nomenclature

Nay Average strain hardening index value.
Nay 0.25 (ng + 2n4s + nog)

kay Average strength coefficient

kay 0.25 (kg + 2kss5 + koo)

R Average normal anisotropy

R 0.25(Ry + 2R45 + Rog)

Xav 0.25 (.X() + 2.X45 + .Xgo)

o, (average)
g, (average)

0.25 (ay, + 20y,, + 0y,,)
0.25 (Uuo + 20—u45 + O—ut)o)

oy Radial stress

09 Hoop stress

G Effective stress

& Radial strain

&y Hoop strain

g Effective strain

do, Radial stress increment

day Hoop stress increment

de, Radial strain increment

dey Hoop strain increment

de Effective strain increment

dYmax Maximum shear strain increment
Ymax Maximum shear strain

Timax Maximum shear stress

o Ratio of in-plane stress increments
p Ratio of in-plane strain increments
a Yielding behaviour constant
Introduction

Influence of annealing of commercially pure (CP) Alu-
minium was evaluated by aspects namely microstructure,
mechanical properties, electrical conductivity, and general
corrosion. It is shown that by selecting optimal annealing
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condition result in ultra fine grains in CP Aluminium with
good combination of high strength and ductility as
explained elsewhere [1]. Using an Al-Mg-Cu alloy devel-
oped for auto body panels, strip sheets are experimentally
produced by various cold-rolling and annealing procedures.
Tensile and metallographic properties of the sheets and
their relations are examined to attain high formability. The
elongation is closely related to the grain size, and increases
with the final annealing temperature as described by
Takuda et al. [2]. The suitability of recently developed
aluminium alloys (an Al-Mg-Mn alloy and an Al-Li—Cu
alloy) for press-forming applications has been examined.
The characterization involved the experimental determi-
nation of microstructural aspects, tensile properties and
formability parameters such as average plastic strain ratio
and planar anisotropy. These alloys are suitable for
stamping applications where stretching constitutes the
major proportion of the deformation [3, 4]. In the sheet
metal forming, production engineers and researchers have
paid much attention to the behaviour of wrinkling in sheet
metal forming operations over the last decade. It is difficult
to define criteria for describing the stability in metal
forming. In general, wrinkling may be affected by various
factors including material properties, punch and die
geometry, blank geometry, holding conditions, interface
friction and lubrication state. Numerous studies have been
carried out on the relationship between wrinkling and
material characteristics [5—-14]. One of the most represen-
tative work was performed by Yoshida [10] and was
generally directed towards investigation of the conditions
under which wrinkling would occur in a large shallow
pressing, characterized by the well-known Yoshida buck-
ling test. Karima and Sowerby [15] have attempted a
bifurcation approach to the study of wrinkling during deep
drawing. They treated flange wrinkling during deep draw-
ing without a blank holder as a problem of elastic-plastic
buckling of an annular plate. Their results indicate that a
high rate of hardening has a favourable effect on the pre-
vention of buckling when deep drawing through Conical
and tapered dies. However, Narayanasamy and Sowerby
[16] have showed that the stainless steel 304 sheets which
have a low value of normal anisotropy and a high value of
normalized hardening rate, have better resistance to the
formation of wrinkles. The wrinkling behaviour of cold-
rolled sheet metals with the aim of prediction of the onset
of wrinkling during drawing through Tractrix and Conical
dies, has been studied in addition [8]. Di and Thomson [17]
have used the neural network principle for the prediction of
strain at the onset of wrinkling, based on the Yoshida
material parameters. The effect of geometrical variables
that affect the onset of wrinkling during deep drawing has
been investigated by Wang et al. [18], using a neural net-
work approach.
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Kim and Son [19] studied wrinkling behaviour of sheet
metals using a numerical analysis for evaluating a wrin-
kling limit diagram (WLD) for an anisotropic sheet
subjected to biaxial plane stress. The scheme of plastic
bifurcation theory for thin shells based on the Donnell-
Mushtari-Vlasov shell theory is used. The effects of vari-
ous material parameters namely yield stress, strain
hardening coefficient and normal anisotropy and geomet-
rical parameters on the wrinkling limit diagram were
investigated numerically and compared with the results of
the experiments of Kawai and Havrnek. The formation of
wrinkles can be predicted by analytical treatments using
Hill’s [20] bifurcation criterion, specialized by Hutchinson
[21] to the case of thin and shallow plates and shells.

In the present work, an attempt is made to predict the
onset of wrinkling using wrinkling limit diagram for
Aluminium 5086 alloy at different annealed temperatures.

Experimental work

Cold-rolled Aluminium 5086 alloy sheet metal having
thickness 2.00 mm were subjected to three different
annealing treatments namely (1) heating temperature
200 °C, soaking (maintaining constant temperature in the
furnace) time 1 h and furnace cooling (HT1), (2) heating
temperature 250 °C, soaking time 1 h and furnace cooling
(HT2) and (3) heating temperature 300 °C, soaking time
1 h and furnace cooling (HT3). An ordinary muffle fur-
nace was used for heating the aluminium alloy sheets.
Aluminium 5086 alloy grade with different mechanical
properties were selected for this work, as shown in
Tables 2—4. Table 1 shows the chemical composition of
the above said sheet metals. These sheet metals were
purchased from the Indian market in cold-rolled condition.
Since the sheet metals are anisotropy in nature, the normal
anisotropy parameter (R) was evaluated as shown in Refs.
[19, 20]. This is defined as

R = 025(R0 + 2Rys + R9()) (1)

where 0, 45 and 90 represents rolling direction, 45° to
rolling direction and transverse direction respectively. R is
the plastic strain ratio. Tables 2—4, present some typical
results of the R-values obtained for the annealed Alumin-
ium 5086 alloy grade with three different heat-treated
conditions. Using the tensile test, all mechanical properties

Table 1 Chemical composition of Aluminium 5086 Alloy (in wt.%)

Material Mg Mn Si Fe Cr Cu Ti Zn

Al 5086 alloy 40 05 03 05 025 010 0.15 0.25
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Table 2 Tensile properties of Aluminium 5086 alloy annealed at 200 °C

Orientation relative Strain hardening Strength coefficient R Yield stress Ultimate tensile UTS/ay %Elongation
to rolling direction exponent n K (MPa) gy (MPa) stress (Mpa)

0° 0.178 410 0.790 245 Average 323 Average 1.323 10.36

45° 0.098 440

90° 0.189 450

Average* 0.1407 435

* Average = (xg + 2x45 + X90)/4, where x is n-value or K-value

Table 3 Tensile properties of Aluminium 5086 alloy annealed at 250 °C

Orientation relative Strain hardening Strength coefficient Yield stress Ultimate tensile UTS/ay %Elongation
to rolling direction exponent n K (MPa) gy (MPa) stress (Mpa)

0° 0.176 410 1.013 222 Average 315 Average 1.42 11.62

45° 0.188 490

90° 0.172 450

Average* 0.181 460

* Average = (xog + 2x45 + X90)/4, where x is n-value or K-value

Table 4 Tensile properties of Aluminium 5086 alloy annealed at 300 °C

Orientation relative to  Strain hardening  Strength coefficient Yield stress Ultimate tensile ~ UTS/g,, %Elongation
rolling direction exponent n K (MPa) gy (MPa) stress (Mpa)

0° 0.259 480 1.128 210 Average 303 Average 1.44 13.64

45° 0.261 550

90° 0.142 460

Average* 0.231 510

* Average = (xog + 2x45 + X90)/4, where x is n-value or K-value

were determined for the above grade of sheet metals and
the same is shown in Tables 2—4.

The drawing experiments were also conducted as per
schedule described elsewhere [16], using conical die for the
three different heat-treated Aluminium 5086 alloy grade.
The blanks having different diameters were drawn through
the die with no lubricant. A grid consisting of circles of
3.5 mm in diameter was printed on the blanks for the
determination of the strain distribution. The grid circles
were printed on blanks by using electrochemical etching
process. The grid measurements reveal the onset of wrin-
kling in the stage of bending or tube sinking. The blanks
were partially drawn through the die to about 10 or more
different depths until the wrinkling developed and the grid
circles measured on each of the partially drawn sheets in a
region close to the rim of the blank where wrinkling gen-
erally developed. The strains, namely, hoop (&y) and radial
(e;) were calculated from the grid measurement data. The
modes of the wrinkling developed during drawing tests
were explained in Refs. [22, 23]. **Figure la—c show the
sample distribution of the radial and hoop strains for

different Aluminium alloy blanks of grade Aluminium
5086 alloy which is subjected to three different types of
heat treatments as said above. From these figures it is noted
that the slope of the g—¢y strain curve changes suddenly
when a wrinkle develops on the blank. The reason for this
is that there is an increase in circumferential strain (gg)
when the wrinkle is about to develop on the blank.

Theoritical analysis
Theory of plasticity

The wall section of a truncated Conical cup (a partially
drawn cup) is approximated to a flat strip of width ‘a;” and
height ‘b, as shown in the Fig. 2a, corresponding
respectively to the mean circumference and the generator
of the cone. The strip is subjected to plane stress, specified
by o, and gy .

Assuming the material to be rigid-plastic and obeying
the Hill new yield criterion [20] together with the
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Fig. 1 Conical die and flat |
bottomed punch

Levy-Mises flow rule, the increments of strain can be
expressed as follows:

de; = d[(o) + 02)* " + (1 +2R) (0} — 02)*"']

de; = di[(61 + 02) " = (1+2R)(01 — 02)" "] (2)
des = —dA2(a1 4 02)" ')

where ‘a’ is yielding behaviour constant.

The ratio of the in-plane strain increments can be
expressed as

diz _ (01+02)" = (14 2R)(01 — 02)" )
dei (014 62)" "+ (1+2R)(0, — 62)*""

Expression 3 can be rewritten as

(1+o) "= (1 +2R)(1 — )"
(1+o) "+ (1 +2R)(1 —a)*!

where
02 gg dep dey
x o1 Oy an B de;  de (%)

The constant ‘a’ provided in the Eqgs. 2—4 represents the
yielding behaviour of metals.

The quantities o« and f are the ratios of the in-plane
stress and the in-plane plastic strain increments, respec-
tively. Hence, if the ratio of the stress is known, the ratio of
the strain increments can be determined and vice versa. For
wrinkling to occur, it is necessary that gy should be com-
pressive (i.e. o« should be negative).
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As per Hill’s old yield criterion [20], putting a = 2,
expression 4 becomes

(1+a)— (1+2R)(1 — )
(I+a)+(1+2R)(1—a)

p= (6)

In expression 6 o takes the value of zero to infinity.
Substituting the limiting values

—R

ﬁ:(l—i—R) (when o = 0)

and (7)
B = —7(1; R) (when o = 00)

when R takes the value of unity:
—2<f< —1)2 (8)

This relationship is true irrespective of whether the
material work-hardens or not. The above relationship (refer
Eq. 7) is independent of the yielding behaviour constant
‘a’. This can be checked without substituting the value of
2.0 for the above constant ‘a’, in the Eq. 4, provided in the
above. As shown in Fig. 2b, this situation can be
represented in principal stress space and principal strain
space. The Eq. 6 can be rearranged as follows:

CR(I+B)+p
S R(1I4pB)+1

Using the Eq. 9, for the known values of ff and R, the value
of o can be determined.
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(a)

(a; and by represents the dimensions namely width and height )

(b) Or
Wrinkling
possible
T
dt,

Wrinkling
possible

Thinning

Thickening

d€

-]

Fig. 2 (a) Stress state in the cup wall, (b) Wrinkling tendencies
shown in stress and strain space [5]

As described elsewhere [24], the effective strain incre-
ment can be written as follows:

Ve [%{dﬁf +dej+ (i—RR) d.grdse}]o's

(10)

The Eq. 10 can also be written as follows:

&2

de;

(11a)

aemeemnlin () ()]

Similarly,

S @) (]

(11b)

de =

For the known values of de. and dey, the effective strain
increment dg, the ratio (dz/de,) and the ratio (dg/dey) can
be determined.

As described elsewhere [24], the yield function can be
described as follows:

ol +a) — <) 0,09 = G° (12)

The Eq. 11 can be described as follows:

(5= (rei-i) =
and
= (2-ith) )

where, o, is the radial stress, oy is the hoop stress, ¢ is the
effective stress, R is the normal anisotropy, o = g¢/0, and
o = aloy.

From Eq. 13a and b for known values of oy, o, and R,
the stress ratios (¢,/d) and (0¢/6) can be determined.

For sheet metals used in industries, the value of R (the
normal anisotropy) varies from 0.25 to 3.00. Therefore, the
limiting strain increments ratio (f§) can be determined using
Eq. 7 and the same is reported in Table 3. Table 3 shows
that the strain increments ratio value depends upon R-value
only. However, it is already proved by Narayanasamy and
Sowerby [16] that the strain increments ratio value also
depends upon the strain hardening exponent value apart
from R-value for the case of austenitic stainless steels
(grades 301, 302 and 304) due to the formation of plasti-
cally strain induced martensite.

According to Mohr’s circle drawn between de. (the
radial strain increments) and dey (the hoop strain incre-
ment), the following expression can be written.

(der + dep) (14)

N —

AVmax =

where dy,.x represents the maximum shear strain incre-
ment value, which is nothing but the radius of Mohr’s
circle.

The Eq. 14 can be written as follows:
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%: l{%ﬁ-l}

d 21d
&p &0 (15)
% — l % + 1
de; 2| de;

Since the value of (de/dey) is known, the values of
(dymax/deg) and (dymax/de;) can be determined using Eq. 15.
If we assume that the strain proportional, then

dey &
- 16
de; & (16)

Therefore, the Eq. 15 can be modified as follows

Vmax % [8_ N 1]
€ €
0 1 0 (17)
Ymax €0
fmax . Z 1204
& 2 [sr * ]

Since the deformation is under plane stress, only stresses
namely o, and oy are present. Therefore, the following
expressions can be written with similar to Egs. 15

and 17.

Tmax 1 [ﬁ n 1}

ag 2 agg (18)
Tmax o 1 (] + 1

o 2| a

Here, 7,,.x is the maximum shear stress developed, which is
nothing but the radius of the Mohr’s circle.

Fig. 3 (a) Microstructure of Al
5086 annealed at 200 °C at
magnification 400x, (b)
Microstructure of Al 5086
annealed at 250 °C at
magnification 400X, (c)
Microstructure of Al 5086
annealed at 300 °C at
magnification 400x

@ Springer

The Eq. 10 can be written as follows for the determi-
nation of the effective strain providing the strain is
proportional.

(19)

The Eq. 19 can be rearranged as follows:

-l i (9 (2 2]

&r
(20a)
0.5
g (2+R)(1+R) e\’ 2R \ &
w VR TR {”(5) *(m)‘}]
(20b)

For known values of ¢, and ¢, the effective strain ¢ and
strain ratios namely (£) and F%> can be determined.
e :

Results and discussion

Chemical composition and microstructure

The chemical composition for Al 5086 alloy tested is
provided in Table 1, and the metallurgical microstructure
of Aluminium 5086 alloy annealed at three different tem-
peratures details are provided in Fig. 3.The microstructure
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(a)

MATERIAL :
TYPE OF DIE : CONICAL
TYPE OF PUNCH : FLAT BOTTOM

ALUMINIUM 5086 ALLOY

ANNEALING TEMPERATURE : 200°C

NATURE OF COOLING : FURNACE COOLING

MATERIAL : ALUMINIUM 5086 ALLOY
TYPE OF DIE : CONICAL

TYPE OF PUNCH : FLAT BOTTOM
TYPE OF LUBRICANT : DRY

ANNEALING TEMPERATURE : 250°C
HEATING TIME : | hr
NATURE OF COOLING : FURNACE COOLING

(b)

HEATING TIME : 1 hr

TYPE OF LUBRICANT : DRY

0.15 0.15
0.12 0.12
< <
< <
Z £
0.09 0.09
§ é —4—1D=129.86 mm, IT=1.95 mm, Slope=0.330 and W= 45°
; —&—1D=129.85 mm, IT= 1.95 mm, Slope=0.407 and W= 45° E —®—1D=124.85 mm, IT= 1.95 mm, Slope=0.292 and W= 45°
- 0.06 ——1D=124.75 mm, IT= 1.95 mm, Slope=0.319 and W= 45° -] 0.06 —A—1D=119.79 mm, IT= 1.95 mm, Slope=0.164 and W= 45°
E : —A—ID=119.84 mm, IT=1.95 mm, Slope=0.0-116 and W= 45° E . ——ID=114.87 mm, IT= 1.95 mm, Slope=0.103 and W=45°
§ —>—1D=114.72 mm, IT= 1.95 mm, Slope=0.156 and W= 45° § —%—ID=109.67 mm, IT= 1.95 mm, Slope=0.086 and W= 45°
—%—1D=104.68 mm, IT= 1.95 mm, Slope=0.0.055 and W=45° —@—ID=104.77 mm, IT= 1.95 mm, Slope=0.054 and W= 45°
0.03 —@—1D=99.77 mm, IT=1.95 mm, Slope=0.114 and W= 45° 0.03 —+—1D=99.86 mm, IT=1.95 mm, Slope=0.123 and W= 0°
—+—1D=129.85 mm, IT= 1.95 mm, Slope=0.407 and W= 45° - -
— 5 Where ID=Initial Blank Diameter, IT= Initial Blank Thickness,
Where ID=Initial Blank Diameter, IT= Initial Blank Thickness, Slope=(dede,) at the onset of wrinkling and W= Wrinkling direction
0.00 Slope=(de/de,) at the onset of wrinkling and W= Wrinkling direction 0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
HOOP STRAIN (89) HOOP STRAIN (89)
(c) MATERIAL : ALUMINIUM 5086 ALLOY ANNEALING TEMPERATURE : 300°C
TYPE OF DIE : CONICAL HEATING TIME : 1 hr
TYPE OF PUNCH : FLAT BOTTOM NATURE OF COOLING : FURNACE COOLING
0.15 TYPE OF LUBRICANT : DRY
0.12
&
Z
§ 0.09
= —4—1D=129.91 mm, IT= 1.95 mm, Slope=0.370 and W= 45°
S —&—1D=124.75 mm, IT= 1.95 mm, Slope=0.296 and W=b/w 45°& 90°
s 0.06 —A—1D=119.58 mm, IT= 1.95 mm, Slope=0.136 and W= b/w 0° & 45°
a —>—1D=114.86 mm, IT= 1.95 mm, Slope=0.141 and W= 45°
é —%—1D=109.75 mm, IT= 1.95 mm, Slope=0.065 and W=b/w 45° & 90°
0.03 —@—1D=104.77 mm, IT= 1.95 mm, Slope=0.070 and W= 45°
—+—1D=99.86 mm, IT= 1.95 mm, Slope=0.102 and W= 45°
Where ID=lInitial Blank Diameter, IT= Initial Blank Thickness,
Slope=(de,/de,) at the onset of wrinkling and W= Wrinkling direction
0.00
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80
HOOP STRAIN (Ee)
Fig. 4 (a—c) Variation of the radial strain with respect to the hoop strain
Fig. 5 Wrinkling limit diagram 0.45 —
. £ e Aluminium 5086 alloy
In terms of strain increments ( CONICAL DIE) ® Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace Cooled.
ratio for Aluminium 5086 alloy 0.4
B Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Cooled.
A
0.351 . A Aluminium 5086 alloy/ Annealing at 300°C / 1 hr / Furnace Cooled.
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w v
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Fig. 6 Wrinkling limit diagram 10 0.90 0.91
in terms of stress ratio for ’ 4
Aluminium 5086 alloy Aluminium 5086 alloy N (0y/0,)=10 \
( CONICAL DIE) - \
‘e )
ey Wrinkling . Tangents
1.00 A )RR . \
e region \
u, A
0.90 ° "+ 0.91
lo Safe region * \
< A \
& \
A \
0.80 ‘ I‘\
4 Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace A
Cooled. \
0.70 {| A Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Ad
Cooled.
B Aluminium 5086 alloy/ Annealing at 300°C / 1 hr/ Furnace 0.63
Cooled.
0.60 T T T T T T
0.80 0.82 0.84 0.86 0.88 0.90 0.92
(YK R
Fig. 7 Wrinkling limit diagram 6
in terms of strain ratios for . @ Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace Cooled.
Aluminium 5086 alloy B Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Cooled.
5.51 A Aluminium 5086 alloy/ Annealing at 300°C / 1 hr / Furnace Cooled.
.
54 Aluminium 5086 alloy
( CONICAL DIE)
4.5 1
Wrinkling Region
o
— 4
lw
3.5 he
Safe Region .\ o
34 \! A S
~N e
~N ~
Soa o,
25 .
2 T
12 14 1.6 1.8

of the sheet annealed at 200 °C shows partial recovery
and no recrystallization. The microstructure of sheets
annealed at 250 °C shows fully recovered and partial
recrystallized grain structure whereas, sheets annealed at
300 °C show very fine partially recrystallized grains. A
fundamental understanding that 5086 is a medium-to-high
strength non-heat-treatable alloy. The alloy has good form-
ability than alloy 5083. As this alloy is resistant to stress
corrosion cracking and exfoliation, it has wide application in
the marine industry [25, 26]. The magnesium in the Al 5086
is 4.0%, the presence of magnesium in larger quantity
retards formability but enhances castability and strength.
The percentage of iron in the material is 0.50%, its presence

@ Springer

ey —>

in the alloy increase the recrystallisation temperature. The
presence of silicon is about 0.4% and it improves the fluidity
of the alloy. The manganese and chromium jointly coun-
teract the corrosion effect of Iron. Manganese and chromium
have a strengthening effect with reduction of ductility.
Copper content is about 0.10% and its presence, reduces
pitting corrosion. The zinc that is present in 0.25% does not
have effect on corrosion but enhances castability and
strength. The solid solubility of magnesium in aluminium
alloys ranges from 2% in room temperature and 14—-15% at
720 K. Silicon usually forms Mg,Si, mostly insoluble,
especially the alloys with more than 3—4% magnesium. Iron
may form FeAl; in the absence of chromium or manganese.
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. 4 Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace Cooled.
.
‘f B Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Cooled.
* . A Aluminium 5086 alloy/ Annealing at 300°C / 1 hr / Furnace Cooled.
33 4 t.
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. Aluminium 5086 alloy
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o -~
© -~
‘-g ~ N R Wrinkling Region
~
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1.3 1.8 23 2.8 33
de / dgg ——>
Fig. 8 Wrinkling limit diagram in terms of strain increments ratio for Aluminium 5086 alloy
24
@ Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace Cooled.
22 | “A B Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Cooled.
".‘ A Aluminium 5086 alloy/ Annealing at 300°C / 1 hr / Furnace Cooled.
2 4
Aluminium 5086 alloy
181 \a ( CONICAL DIE)
16
o \
o e P .
~ v Wrinkling Region
3 141 A
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> \
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LIS IRRRE TSRS \ -,
Safe Region & ~""""=----o.__
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0.8 - Voo T A
\ (deg/de)=1235 TTTTTeeeeel .
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0.4 ‘ : ‘ ‘ ‘ ‘ ‘ ‘
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9
d Y max / dgg ——>
Fig. 9 Wrinkling limit diagram in terms of strain increments ratio for Aluminium 5086 alloy
Titanium remains mostly in solution. Titanium increases the
recrystallisation temperature and aids in grain refinement.
Tensile properties

stretchability also increases. The sheet annealed at 200 °C,
possess comparatively less average strength coefficient value
(K) due to presence of cold-worked microstructure. Whereas,
the grains in microstructure of the sheets annealed at 300 °C s
partially recrystallized in nature and they possess higher
K-value, the strength coefficient. The sheets annealed at
300 °C temperature possess a higher value of UTS, compared

to other lower annealing temperatures but it possesses a low

Tensile properties of sheets annealed at three different tem-

peratures are shown in Tables 2-4. The average strain
hardening exponent (72) value indicates stretchability and
formability [27, 28]. As the n-value

increases, the

yield stress, compared to the rest. The percentage of elonga-
tion for sheets annealed at 300 °C is found to be 13.64, which
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Table 5 Values of strain increments ratio (ff) for various R-values

R-value f-value when

oa=0.0 o= 0
0.00 0.000 Infinity
0.25 0.200 5.000
0.50 0.333 3.000
0.75 0.4285 2.334
1.00 0.500 2.000
1.50 0.600 1.667
2.00 0.666 1.500
2.50 0.7142 1.400
3.00 0.750 1.333

Note: This table is derived using Eq. 7 explained in the text. Normal
anisotropy (R) takes values from 0.25 to 0.30 for industrial sheet
metals

is found to be greater than the sheet annealed at other two
temperatures.

Wrinkling limit diagram

The ratio of strain increments (de/deg) and the ratio of
strains (¢,/¢y) at the onset of wrinkling can be obtained from
the strain values namely ¢, and ¢y measured for the drawing
operation. The same is shown in the form of diagrams in
Fig. 4a—c. Using the expressions provided by the theory of
plasticity, the wrinkling limit diagrams in terms of strain
increments ratio, strain ratio and stress ratio can be plotted
as shown in this section.

Figure 5 has been plotted between the strain increments
ratio (de/dey) and the effective strain increment for the
case of drawing of Aluminium 5086 alloy sheets annealed
at 200, 250 and 300 °C through the conical die. It is
observed that the strain increments ratio obtained at the
onset of wrinkling is found to be a higher value for the
Aluminium 5086 alloy sheet annealed at 300 °C comparing
to other two annealed temperature 200 and 250 °C. Fur-
ther, it is observed that the area of safe region is found to be
greater for annealed temperature of 300 °C and lower for
200 °C. The behaviour of Aluminium 5086 alloy annealed
at 250 °C is in between the sheets annealed at 200 and
300 °C.

Figure 6 has been plotted between the stress ratios,
(0:/a), and (op/d), for the onset of wrinkling when
drawing through the conical die for the Aluminium 5086
alloy sheet annealed at three temperatures namely 200, 250
and 300 °C. It is observed that there is a clear curve, which
separates the region from safe and the wrinkling region.
The ratio of (g4/a,) is found to be 1.0.

Figure 7 has been plotted between the strain ratios
(¢/ &) and (g/&p) obtained using Eq. 20, for Aluminium
5086 alloy sheet annealed at three different temperatures
drawn through conical die. As said earlier, there is a clear
demarcation curve between the safe region and the wrin-
kling region. This demonstrates that the Aluminium 5086
alloy sheet annealed at 300 °C accommodates more hoop
strain and radial strains before the onset of wrinkling
comparing to the other two temperatures. The safe region is
found to be more for higher annealing temperature
(300 °C).

@ Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace Cooled.
A B Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Cooled.
h A Aluminium 5086 alloy/ Annealing at 300°C / 1 hr / Furnace Cooled.
1.4 A
. Aluminium 5086 alloy
Ay ( CONICAL DIE)
1.2 4 Wrinkling Region
& A
- A
s ‘u
.0
1 Tl
Safe Region
L]
—— »
‘_;_\\“\
08 | (0g/0,)=1.018 'y
0.6
0.6 0.8 1.2 1.4

Tmax/ Gy ——>

Fig. 10 Wrinkling limit diagram in terms of stress ratio for Aluminium 5086 alloy
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& Aluminium 5086 alloy/ Annealing at 200°C / 1 hr / Furnace Cooled.
2.8 1
. W Aluminium 5086 alloy/ Annealing at 250°C / 1 hr / Furnace Cooled.
2.6 1 ‘ A Aluminium 5086 alloy/ Annealing at 300°C / 1 hr / Furnace Cooled.
\\‘.
2.4 | Y Aluminium 5086 alloy
\ ( CONICAL DIE)
2.2 A
@ A 3
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= \ A
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Fig. 11 Wrinkling limit diagram in terms of strain ratios for Aluminium 5086 alloy

Figure 8 has been plotted between the strain increment
ratios (de/de;) and (de/dep) obtained using Eq. 11, for
three different annealed temperatures for Aluminium 5086
alloy when drawn through conical die. For Aluminium
5086 alloy sheet annealed at 300 °C, the safe region is
found to be the highest whereas for annealed at 200 °C the
same region is found to be the lowest.

Figure 9 has been plotted between the strain increments
ratios (dymax/de;) and (dyma/deg) for three different
annealed temperatures for Aluminium 5086 alloy when
drawn through conical die. It is observed that the strain
increments ratio values obtained at the onset of wrinkling is
found to fall in a single curve for three different annealed
temperatures for Aluminium 5086 alloy. The wrinkling
takes place over the strain increment (dy..x/dey) range
from 0.72 to 1.6 for the conical die and there is a clear
demarcation curve between the safe region and the wrin-
kling region. As shown in Fig. 9, the limiting tangent
values drawn from Y- and X-axis are 1.09 and 0.88,
respectively and the ratio of f§ which is nothing but the ratio
of (deg/de,) is about 1.235. From Table 5, the theoretical
value of ratio (dey/de;) is also very close to 1.235 and
therefore, both the theoretical and the experimental values
of f matches each other, irrespective of the different
annealed temperatures.

Figure 10 has been plotted between the stress ratio,
(Tmax/0y) and ratio, (Tmax/0g), obtained using Eq. 18, for
three different annealed temperatures for Aluminium 5086
alloy when drawn through conical die. It is noted that there
is a clear demarcation line or curve between the safe region
and the wrinkling region. As shown in this figure, the

limiting tangent values drawn from Y- and X-axis are
1.10 and 1.06, respectively and the ratio of, «, which is
nothing but the ratio of (g¢/a;) is about 1.0187 for conical
die.

Figure 11 has been plotted between the strain ratios
(Ymax/€:) and (yYmax/€9) obtained using Eq. 17, for three
different annealed temperatures for Aluminium 5086 alloy
when drawn through conical die. As mentioned earlier,
there is a clear demarcation curve between the safe region
and the wrinkling region for three different annealed tem-
peratures. As shown in these figures, the limiting tangent
values drawn from Y- and X-axis are 1.60 and 0.66,
respectively and the ratio of (g¢/¢;) is about 2.409.

Conclusions

The major conclusions that are drawn from the present
experimental investigations are listed below:

e There is a definite limit curve for the onset of wrinkling
which can be represented in terms of the strain
increments ratio and the stress ratio.

e The Aluminium 5086 alloy annealed at temperature
300 °C is superior in suppressing the wrinkles com-
paring with the sheets, annealed at other two
temperatures.

e The wrinkling limit value (f) according to the theory
and the experiment matches each other.

e Material having high n value, high R-value and high
UTS/oy ratio suppresses the wrinkling.
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Wrinkling limit diagrams drawn in terms of strain
increments ratio is highly suitable for the study of
wrinkling behaviour of sheet metals

Using Finite Element Method and crystal plasticity
theory the wrinkling theory can be further strengthened
for different types of metals.
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