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Abstract: To study the influence of blank holder type on the drawability of 5182-O aluminum sheet at room temperature, the flat
blank holder and curved blank holder were employed during the deep drawing process. The microstructures were characterized by
optical microscopy (OM). The results reveal that the limiting drawing ratio (LDR) of 5182-O aluminum alloy sheet is 1.7 using the
flat blank holder. The drawn cup have severe earring. Compared with using flat blank holder, the LDR of 5182-O aluminum alloy
sheet is enhanced to 2.0 using curved blank holder. In addition, the earring ratio also reduces and flange wrinkling is prevented when
the curved blank holder is used. These are due to a more uniform sheet flow in different directions with curved blank holder.
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1 Introduction

As the light metal structural materials, magnesium
alloys and aluminum alloys have recently attracted a lot
of research interests because of their potential application
on lightweight structural components [1—4]. However,
due to the limited available slip systems of a hexagonal
close packed (HCP) crystal structure [5], the poor
plasticity and ductility of magnesium alloy restrict its
wide applications [6]. Different from magnesium alloy,
the advantages of high specific strength, excellent
mechanical properties and recycling potential make
aluminum alloy become a promising light material [7].
Especially, the 5000 series aluminum alloys are suitable
for the application of auto-industry [8], owing to their
medium strength, molding properties, low density,
weldability and excellent corrosion resistance. However,
owning to the planar anisotropy, flange earring is an
important forming defect in the deep drawing process [9].
Moreover, the room temperature formability restricts
increasing use of aluminum alloys compared with
steels [10].

Aluminum sheets produced by rolling processes

exhibit a preferred orientation which leads to a plastic
anisotropy, expressed by the r-value. It is known that the
r-value influences not only the drawability of the sheet in
deep drawing, but also the uniformity of deformation in
stamping. NIRANJAN and CHAKKINGAL [11] found
that the drawability of 1100 aluminum alloy increased
with the increase of r-value in groove pressing
experiment. GHOSH et al [12] found that the height of
ears of aluminum alloy was reduced with increasing
r-value in warm deep drawing experiments. Deep
drawing is an important and popular forming process for
the production of flat components. Therefore, many
studies focused on improving the drawability of
aluminum alloys. LANG et al [13,14] found that the
drawing ratio of AL6016-T4 could reach 2.46 during the
hydrodynamic deep drawing assisted by radial pressure.
NAMOCO et al [15,16] investigated the mechanical
properties of aluminum alloy sheets. They found that the
technique of bulging and embossing improved the deep
drawability and the bending strength of aluminum alloy
sheet.

Although many studies have been conducted to
improve the deep drawability of aluminum alloys at
room temperature, the earring and wrinkling still cannot
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be avoided. MORI and TSUJI [17] demonstrated that the
limiting drawing ratio (LDR) of rolled AZ31 magnesium
alloy sheets increased to 1.75 by the ring-shaped
projection provided by blank holder. ZHANG et al [18]
found that flange edge fracture was prevented using a
ring-shaped blank holder. These were because the curved
blank holder could offer a pressure onto the edge of sheet
passing through the die corner. Compared with
magnesium alloys, the flange wrinkling and the flange
earring appear more easily in aluminum alloys during
deep drawing. However, the effect of blank holder type
on the deformation behaviors of aluminum alloy sheet in
deep drawing is rarely researched, especially on the
flange earring and the flange wrinkling. In this work, the
effect of flat blank holder and curved blank holder on the
deformation behaviors of 5182-O aluminum sheet in
deep drawing at room temperature was investigated, and
the microstructure evolution, LDR, thickness distribution,
tool configuration, anisotropic effect, as
wrinkling behavior and earring phenomenon were
studied.

as well

2 Experimental

The as-rolled commercial 5182 aluminum alloy
sheets with a thickness of 1 mm were provided by
Southwest Aluminum Group Co., Ltd., of China. The
5182 aluminum sheets were annealed at 330 °C for 2 h
followed by air cooling. The composition of this alloy is
shown in Table 1.

Table 1 Main composition of 5182-O aluminum alloy (mass
fraction, %)

Si Mg Fe Mn Cr Al Cu
0.2693 3.9742 0.2436 0.3344 0.0693 95.0419 0.0673

According to General Administration of Quality
Supervision, Inspection and Quarantine of China
(AQSIQ) Standard GB/T228-2002, 5182-O sheets were
cut into dumbbell-shaped tension specimens with 40 mm
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in gauge length, 10 mm in gauge width and 1 mm in
gauge thickness which were machined at the angles of 0°,
45° and 90° along the rolling direction (RD). Uniaxial
tensile tests were carried out on a CMT6305—300KN
electronic universal testing machine with a strain rate of
1x107° s at room temperature. The strain hardening
exponent (n-value) is determined from the uniform
plastic deformation region of the tensile stress—strain
curve. The n,, is the weighted average of n-values in
three directions. This is defined as follows:

Nayvg=(NoT2n45+190)/4

(M

where ny, ny4s and ng stand for the n-values along 0°, 45°
and 90° to rolling direction, respectively. Lankford value
(r-value) is calculated by the thickness strain and width
strain at the deformed strain of 15%. The normal
anisotropy coefficient r,, is the weighted average of
r-values in three directions. This is defined as follows:

Favg=(Fot2745790)/4 (2
Ar is the planar anisotropy and defined by
Ar = (rgtroo)/2—74s (3)

where ry, r45 and roy stand for the r-values along 0°, 45°
and 90° to rolling direction, respectively.

The circular blanks with different diameters were
machined from 5182-O aluminum sheets for deep
drawing tests. The schematic of deep drawing process is
shown in Fig. 1, where the blank holders in Figs. 1(a)
and (b) are flat blank holder and curved blank holder,
respectively. Deep drawing tests were conducted using
the flat blank holder with a constant force from 3 to
10 kN, which corresponded with different blank sizes.
However, using the curved blank holder, the force was
reduced to a constant value from 1.5 to 4 kN. The same
stamping speed was set as v=5 mm/min. Anti-wear
hydraulic oil was used as the lubricant. The diameter and
the shoulder radius of the punch are 50.00 and 5.00 mm,
respectively. The diameter of the die hole is 53.64 mm
and the clearance between the punch and the die is
1.82 mm.

e Punch (b)

Corner Blank holder\~
Sheet
Die

R14

Fig. 1 Schematic of apparatus for deep drawing: (a) Flat blank holder; (b) Curved blank holder
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The specimens used to observe the microstructure
were prepared by electropolishing and then anodising
using Barker’s reagent at 20 V for 60—120 s. Viewing
these anodised surfaces using polarised light reveals
orientation contrast. The texture of 5182-O aluminum
sheet was measured by X-ray diffraction (XRD,
D/MAX2500 PC).

3 Results and discussion

The grain sizes were measured by analyzing the
optical micrograph using the line-intercept method. It
can be seen from Fig. 2 that most grains are elongated
along rolling direction (RD) and a few grains are nearly
equiaxed after annealing. The average grain size in the
rolling direction is 22.90 um while the grain size normal
to the rolling direction (ND) is 14.50 pum. Texture
measurements were performed at quarter thickness of
5182-O aluminum sheet. The pole figures of 5182-O
aluminum sheet are shown in Fig. 3 as a representative of
annealed textures. It is observed that the typical rolling
textures exist in the 5182-O aluminum sheet. It is
consistent with the previous investigation [19] that the
preferred orientations existing in recrystallized aluminum
alloy sheets are mainly made up of retained texture, i.c.,
the rolling texture components Copper {112}(111), S
{123}(634) and Brass {011}(112). Brass and Copper
components are known to constitute a deformation
texture, which is usually found during plane strain
compression of FCC (face centered-cubic) metals.

The true stress—strain curves of 5182-O aluminum
sheets along RD, 45° direction and transverse direction
(TD) are shown in Fig. 4. The 0.2% yield strength (YS),

Fig. 2 Optical micrograph of RD—ND plane of 5182-O
aluminum sheet

Table 2 Mechanical properties of 5182-O aluminum alloy

RD
{111} {200}
RD Levels
23
1.5
Min=0.27

{220}

Fig. 3 XRD pole figures of 5182-O aluminum sheet

ultimate strength (UTS) and failure elongation (FE) are
summarized in Table 2, and the r-values and n-values are
included. As shown in Table 2, the YSs of 5182-O
aluminum alloy are very close in three directions. The
r-value of this alloy increases from 0.63 in RD to 0.90 in
45° direction, before it drops to 0.7 in TD. As well as
r-value, the FE with the maximum of 26.73% is also
obtained in 45° direction. It is observed that the true
stress—strain curves of 5182-O aluminum alloy shown in
Fig. 4 turn to be jagged after yield deformation. The
serrations on the true stress—true strain curve are caused
by dynamic strain aging and the Portevin-Le Chatelier
(PLC) effect on 5182-O aluminum alloy [20,21]. It is
well known for Al alloy with high Mg addition and the
interaction between solute Mg and glide dislocations,
referred to as dynamic strain aging, will result in PLC
effect. Dynamic strain aging is associated with
conditions when point defects can diffuse towards
mobile dislocations and temporarily arrest them. The
results of dynamic strain aging are higher flow stress and
greater strain hardening at lower strain rates than those at
higher ones, and further serrated stress—strain curves,
discontinuous plastic flow and propagating, deformation
bands can be conducted by dynamic strain aging [21].
The yield platform only appears in 45° direction. The
specimens exhibit yield anisotropic in RD, 45° direction
and TD. The yield strengths along RD and TD are all less
than that along 45° direction. The mechanical properties

YS/MPa UTS/MPa FE/% r-value n-value
RD  45° TD RD 45° TD RD 45° TD 7o 45 90 Favg Tavg
112 118 105 380 340 369 24.25 26.73 23.82 0.63 0.90 0.70 0.78 0.32
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Fig. 4 True stress—strain curves of 5182-O aluminum sheets at

room temperature

along RD, 45° direction and TD exhibit a slight
anisotropy. These may be related to the typical rolling
texture: Brass {110}(112), Copper {112}(111) and S
{123}(634) textures. JATA and SINGH [22] found that a
strong brass texture component was presented and it was
responsible for the property anisotropy of rolled or
extruded aluminum alloys. Due to the weakness of the
overall texture, the anisotropy is not so obvious in
5182-0 aluminum alloy.

Three areas (1-3) on the cutting planes of the drawn
cups are shown in Fig. 5, in which the optical
microstructures are observed. Area 1 denotes the position
at the bottom with the distance of 5 mm from the
shoulder, Area 2 denotes the position at the shoulder, and
Area 3 denotes the position at the top of sidewall.
Figure 6 shows the microstructures of the cup specimens
after deep drawing with flat blank holder and curved
blank holder. Since the deformations of the shoulder of
cup are bending, stretching and slipping during deep
drawing, the grains at the shoulder (Area 2) are
elongated and streamline emerges. As expected, the
strain is the lowest at the center bottom of the cup and
grains at the bottom of the cup almost maintain the

Sidewall

3

ND

Bottom 5 mm

Fig. 5 Profile of drawn cup used for microstructure observation

original shape. The microstructure has no difference
between Area 1 and Area 2. Since the curved blank
holder cannot be used directly in deep drawing process
because curved blank holder will damage the sheet.
Therefore, at the initial stage of deep drawing process, let
the punch move down more than 9 mm using the flat
blank holder. Secondly, exchanging the flat blank holder
by curved blank holder can offer curved blank holder
force (CBHF) on blank during the subsequent deep
drawing. Except being elongated, the grains at the top of
sidewall (Area 3) do not appear difference though using
two different blank holders. It is because the type of
blank holder cannot change the deformation behaviors of
aluminum metal.

Drawing ratio (DR), Rp, is commonly expressed by
Rp =dy/d,, where d, and d, are the blank diameter and
punch diameter, respectively. Figure 7 shows the deep
drawing cups produced with two blank holders. It is
obvious that the LDR of sheet equals 1.7 and the ears (in
the blue rectangle box) occur when the flat blank holder
is used. Wrinkling behavior (in the red oval) occurs when
Rp is greater than 1.7. This is because, at the initial stage
of deep drawing process, the circular blank is always
under blank holder force (BHF) using the flat blank
holder. Since the stress state in the outer flange is pure
circumferential compression, it is expected that the BHF
prevents wrinkling. As the punch moves down, the blank
will enter into the die corner where the BHF cannot be
applied on the blank, as shown in Fig. 1. In deep
drawing, the quality of the formed parts is affected by the
volume of the blank passing through the die corner.
Excessive metal-flow will cause wrinkles in the part
while insufficient metal flow will result in the occurrence
of tears or fracture. The blank holder force plays a key
role in regulating the metal flow [23]. Therefore, the
blank at die corner without BHF results in excessive
metal flow and it will cause flange wrinkling. In order to
prevent flange wrinkling and fracture, the flat blank
holder can be replaced by curved blank holder which can
offer curved blank holder force (CBHF) on blank at the
intermediate stage of the deep drawing. The blank at the
shoulder is always under CBHF until deep drawing is
accomplished. The LDR of sheet using curved blank
holder rises to 2.0. The flange earring phenomenon is
weakened and the wrinkle-free cup is drawn. Therefore,
the curved blank holder is employed after the blank
passing through the shoulder, which is helpful to
improve the flow uniformity of Al sheet.

Thickness distribution is one of the quality criteria
in sheet metal formed parts. Fracture in deep drawn parts
usually occurs by thinning. Therefore, the thickness
distribution was discussed. The drawn cups were
sectioned along RD, 45° direction and TD and the
thickness values of 28 or 30 points at uniform intervals
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Fig. 6 Optical micrographs of cup specimens at bottom (a, d), shoulder (b, ¢) and sidewall (c, f) using flat blank holder (a—c) and

curved blank holder (d—f)

Fig. 7 Drawn cups by flat blank holder (a) and curved blank holder (b)

from the center of the cup to the edge of the flange were
measured. Significant difference in the measured strains
in the two cases is exhibited in thickness strains, as
shown in Fig. 8. The valleys of the curves represent the
sections of the cup corners (the shoulder). It can be seen
from Fig. 8(a) that the thickness distributions in RD, 45°
direction and TD are different, which may be owing to
the different degrees of metal flow caused by the
anisotropy. Due to the occurrence of earring in the 45°
direction, compared with RD and TD, the increase of
thickness in 45° direction is not obvious. The use of
curved blank holder in deep drawing process is to reduce
thickness variation. The thickness distributions in three
different directions with curved blank holder show the

same trend. The influence of anisotropy on the thickness
distribution is weakened by offering CBHF onto the
shoulder of blank. The CBHF results in the uniform
flowing of the metal. The thickness shows a minimum
value at the beginning of the formation of cup and then
increases. As expected, the thickness strains are the
lowest at the center bottom of the cup and increase
progressively towards the top of the cup. The thickness
at the shoulder of the cup decreases while increases at
the sidewall. This is mainly related to the different stress
states at various positions. The thickness strains at the
punch nose and the center bottom of the cup are tension
strain, but they become compressive strain at the middle
and top of the cup [24]. It is well known that the stress in
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the hoop directions around the flange of the cup results
in the increase of thickness during deep drawing.

Figure 9 shows the sidewall height change of the
cups from 0 to 360°. It can be seen that the number of
ears is four. The curve indicates that, when flat blank
holder is used, the earring mainly appears at angle of 45°
relative to the rolling direction with a relatively large
deviation of £10° in each cup. The shapes of the earing
profiles are consistent with the r-values reported in

o3 ®

0.2

0.1

Thickness strain

0 10 20 30 40 50
Distance from bottom center/mm

Thickness strain

1 1

Distance from bottom center/mm

0 10 20 30 40 50

Table 2. Since the stress state in the outer flange is pure
circumferential compression, it is expected that ears will
occur along directions orthogonal to the maximum
r-value directions, along 45° direction. It is in a good
agreement with the result that the resulting cup height
profiles exhibit a number of peaks and valleys, which
equal the maxima and minima of the r-value,
respectively [25]. The simulations were conducted based
on B—L yield function and quasi-flow corner theory

38

(a) = — (Curved blank holder ()
36 * — Flat blank holder
£
£ 34
g
=
2 2}
=
=
;°§ 30r
n
28
26 1 1 1 1 1 1 1 I
0 50 100 150 200 250 300 350 |

Angle from rolling direction/(*)

Fig. 9 Sidewall height of cup specimens after deep drawing (a), and drawn cups by flat blank holder (Rp=1.8) (b) and curved blank

holder (Rp=1.8) (¢)
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reported by HU et al [19], who discussed the effect of Ar
on earring profile. As can be expected from the negative
value of Ar, it makes the four earrings in 45° direction.
For Brass and S textures, earring is also located at 45°
direction. This phenomenon has been observed and
verified by both experiment [26] and finite element
simulation [27]. It can be obviously observed from Fig. 9
that the ears of the cup produced with flat blank holder
are much higher than those produced with curved blank
holder. Under the effect of CBHF in the die corner, the
anisotropy will be weakened. The earring ratio, A, is
given by

h = 2Py = Ty ) e+ Pri) 4

where A, and h,, are the average values of the
four maximum and four minimum heights of the drawn
cup, respectively. The relationship between earring ratio
and the initial blank diameter of drawn cups under two
kinds of blank holder is shown in Fig. 10. The earring
ratio shows the minimum value for an initial blank
diameter of about 80 mm (a drawing ratio dy/d, of 1.6).
The earring ratio decreases with the occurrence of
wrinkling. Because CBHF on the shoulder of the blank
makes the material flow into the die cavity uniformly,
and the friction between the blank and the blank holder
increases during the deep drawing process, the earring
ratio is very low with curved blank holder. In addition to
r-value, earing profile can also be influenced by the
changes of friction condition between the blank and the
tool surface as mentioned. The increase of the friction
results in lower ears [12]. Therefore, the number of ears
remains unchanged with the use of curved blank holder,
but the height of ears is reduced.

18

6 ® — Curved blank holder

= — Flat blank holder
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Initial blank diameter, d/mm

ST N =)
T

Fig. 10 Relationship between initial blank diameter and earring

ratio of drawn cups
4 Conclusions

1) The LDR of 5182-O aluminum alloy sheet is 1.7
when deep drawing using the flat blank holder. The

5182-0 aluminum alloy sheet has a negative Ar because
of slight anisotropy between RD, 45° direction and TD,
which results in earring in 45° direction. Wrinkling
behavior occurs when DR is greater than 1.7.

2) Earring phenomenon is weakened and wrinkling
behaviors disappear by the adoption of curved blank
holder. The LDR of 5182-O aluminum sheet increases to
2.0. It is suggested that the cold deep drawability of
5182-O aluminum sheet was improved using curved
blank holder. The thickness distribution turns to be more
uniform at the same time. These are mainly related to the
force applied on the shoulder of blank by the curved
blank holder.
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