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Abstract
In this paper an experimental, numerical and analytical investigation is presented of the wrinkling behaviour that
occurs in the flange of deep drawn cylindrical cups of aluminium alloy sheet using macro-textured blankholder
surfaces. A series of deep drawing experiments were performed using a range of tool textures, draw ratios and
blank-holding forces. A numerical material and process model was formulated to enable the occurrence of
wrinkling to be simulated. In addition, two analytical buckling models of aluminium alloy sheet in deep drawing
with macro-textured blankholder based on the energy method, (namely a one-dimensional and two-dimensional
model) were developed for the first-time and utilised to predict the effect of process parameters on wrinkling.
The analytical buckling models investigated two boundary conditions, hinged and built-in boundary condition. It
was found that texture geometry and draw ratio had a significant effect on wrinkling but the blank-holding force
did not. The analytical models developed in this paper to represent sheet metal wrinkling behaviour for the
macro-textured tools can be used as a design guide to determine the geometry of tool textures necessary to avoid
wrinkling defects in aluminium alloy stamping processes.
Keywords: Aluminium stamping, macro-textured tool, FE model, flange wrinkling, buckling model
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1. Introduction
With the increasing demand for fuel economy and emissions reduction in the automotive and
aircraft industries, light-weight alloys such as aluminium alloy and magnesium alloy, have
become popular candidates in recent years to replace traditional steel alloy [1-3]. To
overcome the poor ductility when forming aluminium alloy at room temperature, Lin et al.
proposed a hot stamping process, known as “solution Heat treatment, cold die Forming and
Quenching” (HFQTM) [4]. In this process, heat treatable aluminium alloy work-pieces are
heated to and then hot stamped at solution heat treatment temperature and simultaneously
quenched within cold dies [5]. Subsequently, the formed components can be artificially aged
to obtain maximum strength [6]. As the HFQ process is a non-isothermal process, and a high
friction coefficient is typically observed at elevated temperatures [7], the thermal and
tribological properties at the tool/work-piece interface significantly affect formability in the
forming process [8-9].
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Tribology in hot stamping of aluminium alloys can be improved through surface treatments,
such as the application of coatings and textures, which can reduce friction coefficient directly
and indirectly [10-11]. Costa and Hutchings [12-13] found that friction was significantly
reduced through the use of patterned tool surfaces in strip drawing processes, where these
grooves were believed to act as lubricant reservoirs to enhance the lubrication effect. Zheng
et al. [14] investigated hot stamping processes of aluminium alloys using macro-textured
tools, which enabled the blank temperature at the flange area to be relatively preserved, with
a significant increase in draw-ability being observed due to a more uniform temperature
distribution throughout the blank. However, for components with complex geometry, macrotextures may cause wrinkling in the flange area due to the absence of blank-holding contact
in the region of a texture hollow. In order to take advantage of the benefits of tool textures
whilst avoiding wrinkling, an understanding of the parameters involved in the onset of
wrinkling must be studied.
To this end, extensive research has been conducted to enable prediction of the onset of
wrinkling. Geckeler [15] proposed a mathematical analysis for wrinkling behaviour in the
deep drawing process without blankholder, using which, the critical stress and wrinkling
wave number can be determined. Senior [16] extended Geckeler’s results using an energy
method, in his research, the circular flange was assumed as a one-dimensional beam,
buckling occurred when the compressive stress in the circumferential direction reached a
critical value. The above research was based on the assumption of one-dimensional beam
theory, which although simple to calculate, would not accurately reflect a flange of large
flange, and hence is useful only when the width of the flange is small compared to the radius
of blank [17]. Yu and Johnson [18] applied the energy method based on an assumption of
two-dimensional elastic-based rigid-plastic stability theory to analyse wrinkling behaviour in
the deep drawing process. An analytical buckling model was established and the onset of
wrinkling and wave number were predicted. In recent years, Hutchinson [19-20] proposed a
bifurcation function based on Hill’s general theory of uniqueness and bifurcation in elasticplastic solids [21]. This function can be given as in Eq. (1):

F   M ij ij  Nij ijs  Nij,i, j ds
s

(1)

In this equation, s represents the middle surface region where wrinkling appears, N ij and

M ij represent the stress resultants and stress couples (per unit width),  ij the bending strain
2

tensor,  ijs the stretch strain tensor, and  represents the buckling displacement normal to the
middle surface. On the right hand side of Eq. (1), the first item represents the bending energy

(i  j ) and twisting energy (i  j ) , the second term is the strain energy due to membrane
stresses, and the third term may be interpreted as the potential energy of the edge stress or the
work done by the applied in-plane stresses in the middle surface. For this equation, the value
of F  0 corresponds to the critical condition for wrinkles to occur. Wang et al. [22] further
extended this buckling model by considering the anisotropic property of test-piece material in
sheet metal forming processes, and Hill’s non-quadratic yielding criterion was introduced to
replace the Mises yielding criterion. Correia et al. [23] also investigated wrinkling of
anisotropic metal sheets and established a model based on bifurcation theory to predict the
initiation of wrinkling in the wall zone of conical cup tests, and corresponding FE simulations
were compared with the predictions of the bifurcation model. Cao et al. [24-25] proposed a
C-B wrinkling criterion based on energy conservation principals which considered the blankholder effect, and experimental validations on this model were performed using a rectangular
shaped component. Wang et al. [26] applied a differential quadrature method to investigate
the buckling of rectangular plates under either uniaxial or biaxial compressive point loads
with the consideration of different boundary conditions. Most of the above buckling model
analyses and assumptions were based on whole flange areas with or without blank-holding
force constraint. For the use of macro-textured tool surfaces with varying texture dimensions,
alternative assumptions may be required, which the work described in this paper is designed
to determine.
Wrinkling behaviour that occurs during a stamping process when using macro-textured
tooling is investigated experimentally, numerically and analytically. A deep drawing
experiment with macro-textured tooling and corresponding FE simulation were performed.
Two analytical buckling models using the energy method specifically for macro-textured
tools are established and validated by experimental results. The one-dimensional beam and
two-dimensional plate elastic-plastic assumption were reviewed and applied to different
texture tool dimensions. The effects of blank-holding force, boundary conditions, texture
ratio and draw ratio on the occurrence of flange wrinkling were investigated.

2. Experimental set-up
2.1 Material and test-piece
Commercial AA6082-T6 aluminium alloy sheet with a thickness of 1.5 mm was used as the
test-piece material. The chemical composition of the alloy is shown in Tab. 1 [27]. A
standard annealing heat treatment as described in Section 2.3 was performed for the testpieces in order to improve ductility and reduce anisotropic character of the as-rolled T6 raw
material [28].
Tab. 1. Chemical composition of AA6082 [27]
Element

Mn

Fe

Mg

Si

Cu

Zn

Ti

Cr

Al

%

0.4-1.0

0-0.5

0.6-1.2

0.7-1.3

0-0.1

0-0.2

0-0.1

0-0.25

Balance

Circular test-pieces with diameters: 170, 180 and 190 mm were produced by laser cutting. A
punch diameter of 100 mm was used for the deep drawing experiments thus providing draw
ratios ( DR  Dblank Dpunch ) of 1.7, 1.8 and 1.9 respectively.
2.2 Experimental set-up and tool preparation
To investigate wrinkling behaviour during stamping processes using macro-textured tool
surfaces, a classical deep drawing process was used and Fig.1 (a) shows the set-up of the test
rig made of G3500 cast iron. The tool set was mounted on a 250 kN ESH hydraulic press
with a maximum forming speed of 500 mm/s and a total stroke of 200 mm. The flat nosed
100 mm cylindrical punch, with a 10mm corner radius, was attached to the machine bed
through a support column and load cell and the die, with a 10 mm entrance radius, was
attached to the press slide. The blankholder was supported on gas springs which could exert a
maximum force of 300 kN. Four different blankholder surfaces were used, a plane surface
and three macro-textured surfaces comprising radial grooves of rectangular cross-section of
different dimensions as shown in Fig.1 (b). The variable forming speed was recorded on an
oscilloscope. The formed part was removed from the punch using an ejector in the punch
nose. In order to remove the formed part post-forming, an ejector was designed, enabling the
part to be separated from the punch via the application of a force (F) through the channels
within this punch. The horizontal die surface was flat without a machined macro-texture. The
clearance between the die and punch was 0.1 times of test-piece thickness.

4

(a) Schematic design of the tool set

(b) Tool set and macro-textured blankholder

Fig.1. The deep drawing tool set

Fig.2 shows the design of the macro-textured blankholder tool surfaces presented in Fig.1 (b).
Macro-textures were machined on blankholder surfaces in the radial direction to avoid the
constraint effect if the macro-textures are not parallel with material flow direction [14], using
CNC milling and related to function, and can be divided into two features: groove and surface.
The depth of each groove, which did not contact the test-piece, was 1 mm. The size of each
feature was defined by the radial angle each subtended. Arc angles of surface and groove are
defined as  S and  G respectively and the texture ratio was defined as in Eq. (2) which is
equal to the ratio between the groove and surface arc angles. The texture ratio   0
represented the full contact between tool and test-piece (flat blankholder surface). In this
paper, texture ratios of  = 0, 1, 3 and 5 were used.

  G /  S

(2)

Fig.2. Macro-texture tool surfaces and texture definition
2.3 Test procedure
The test-piece material was first annealed by heating to 415 C for one hour and subsequently
furnace cooling to room temperature. These annealed test-pieces were cold stamped using
macro-textured blankholders of texture ratios 0, 1, 3 and 5. Blank-holding force was adjusted
through the gas springs then the annealed test-pieces with different draw ratios (1.7, 1.8 and
1.9) were positioned concentrically on blankholders lubricated with Omega-35 lubricant.
Punch and die surfaces were also lubricated before each test. After test-piece positioning, the
press was activated and the ram moved downwards at a ram speed of 75 mm/s to draw the
test-piece into the die for chosen depths. Formed cups were ejected from the punch and
characteristics of the flanges were then measured.
6

3. Numerical modelling
3.1 FE model and simulation set-up
FE simulations were performed for a range of macro-textured blankholders to investigate the
occurrence of wrinkling behaviour and material deformation during the deep drawing process.
The simulations were performed using a commercial finite element software Pamstamp 2G
2015.0. The FE model of the deep drawing process, including the test-piece, blankholder
texture, circular flat punch and die profile as well as the dimensions, loading and boundary
conditions are shown in Fig. 3.

Fig.3. FE model and simulation set up
For the test-piece material, shell elements (Belytschoko-Tsay) were used. The mesh size is
fixed as 2 mm, and the number of test-piece elements used was 16640, 18496 and 20448 for
draw ratio 1.7, 1.8 and 1.9 respectively. Tool mesh selected was default solid elements in
Pamstamp. The number of tool elements used were 3348, 5443 and 5431 for the punch, die
and blankholder (full contact case) respectively. To improve the simulation efficiency, tools
were treated as rigid bodies and no mass scaling was used in the simulations. The process
parameters used for the simulations are given in Tab.2.

Tab. 2. Process parameters in FE simulation
Process parameters

Values

Blankholder texture ratio

0, 1, 3 and 5

Draw ratio

1.7, 1.8 and 1.9

Blank-holding force (kN)

10, 40

Forming speed (mm/s)

75

To model the constitutive relationship of AA6082-O condition, the stress-strain data of this
material was obtained from uniaxial tensile tests performed using the Instron testing system.
The obtained experimental data were input into Pamstamp via look up table. The whole
stamping process was performed at room temperature, thus no heat transfer effect was
considered. The element type selected for the blank was Belytschoko-Tsay with one
integration point at the mid-plane in order to improve simulation efficiency without
significant loss to numerical accuracy. Other material properties such as density, Young’s
modulus and Poisson ratio were applied as: 2.7 E-9 tonne/mm3, 70GPa, 0.33 for aluminium
alloy and 7.5 E-9 tonne/mm3, 130GPa, 0.3 for tool material (cast iron). The friction
coefficient in the simulation were selected as   0.09 between aluminium alloy and cast
iron at room temperature which is obtained from pin on disk friction coefficient tests using
Omega-35 lubricant.
The FE simulation follows the experimental procedure and is divided into two stages; blank
positioning and blank stamping. In the blank positioning stage, the encastre boundary
condition was applied on the punch to restrict all degrees of freedom. The test-piece was
positioned on the blankholder, using an implicit convergence test to determine the end of
blank positioning stage. When the blank is positioned, the die moves downwards vertically in
the z direction to deform the test-piece, an explicit calculation method was applied for this
stage. During this stage, the encastre boundary was still used for the punch, while the die and
blankholder were free in the vertical direction (z direction). The end of the stamping stage
was controlled by the stroke of die. In the simulations, the maximum die stroke can satisfy
the fully drawn in test-piece.

8

3.2 FE model verification
The validations of the FE model were performed from two aspects, one was the occurrence of
wrinkling using different macro-textured blankholders and the other by comparing the
normalized thickness variations in Eq. (3) between experimental and computed parts with
different draw ratios and blankholders. Fig.4 shows typical formed parts using different tool
texture ratios: (a)   1 and (b)   3 . With regard to the wrinkling occurrence, using a
relevant smaller texture ratio blankholder (a), the test-piece could be fully drawn in, the
character of wave edges could be seen both from the experimental and computational results.
When using a larger texture ratio blankholder (b), the test-piece is drawn to a certain depth
and wrinkling occurs in the flange. Hence it is seen that the wrinkling occurrence using
blankholders with different texture-ratios could be captured by FE simulation.

(a)   1 DR1.7 BHF 10 kN

(b)   3 DR1.7 BHF10 kN

Fig.4. Geometry comparisons of experimental and numerical results using different tool
designs: (a)   1 and (b)   3
With regard to the material deformation, taking a radial section along the rolling direction, for
consistency of experiments, and selecting the central point of bottom surface as the origin as
shown in Fig.5 (a), the normalized thickness distributions ( t / t0 ) defined by Eq. (3) of
experimental and computed results are compared at measured points spaced with 5 mm
intervals.

tˆ  t / t0

(3)

Where t is formed thickness and t0 is original thickness
Fig. 5 (b) shows the normalized thickness distributions of formed parts under different blankholding forces, 10 kN and 40 kN, for the non-textured blankholder (   0 ) and draw ratio 1.7.
Fig. 5 (c) shows the normalized thickness distributions of formed parts with blankholder
textures:   1 and   0 under a blank-holding force of 10 kN and draw ratio 1.8. The
symbols indicate measured experimental normalized thickness and the solid lines indicate
computed normalized thickness at corresponding positions. Good agreement can be seen
between experimental data and computed data. Thinning is captured at the punch radius and
the transition point between punch corner radius and cup side-wall as shown in Fig. 5 (a).
Hence, it is assumed that the FE model developed in this paper can be used to predict and
investigate material deformation and the occurrence of flange wrinkling in the deep drawing
processes using macro-textured blankholders.

(a) Sectioned profile of formed component and simulation results
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(b) Different blank-holding forces: 10 kN and 40 kN

(c) Different tool designs:   1 and   0

Fig.5. Comparison of experimental (data points) and computed (solid curves) normalized
thickness variations under different forming parameters. DR = drawing ratio and BHF =
blank holding force
3.3 Wrinkling occurrence definition
Fig. 6 gives the definition of the occurrence of wrinkling phenomenon, for a particular
deflection of the material between two adjacent texture surfaces. When the height between
the top point and the bottom point of this deflection (wrinkling wave) reaches 0.1 mm, it
defines the onset of wrinkling. This critical condition can be captured accurately by FE
simulation, while there might exist some error for experimental results due to the difficulty in
precise stroke control of ram and measurement errors. In this figure, b is the initial blank
radius and r * is the instant blank radius when wrinkling occurs.

Fig.6. Definition of wrinkling occurrence

4. Analytical buckling model
For flat blankholder surfaces, flange material undergoes a radial tensile stress and a
compressive hoop stress during the deep drawing process, and the resulting compressive
hoop stress may cause flange area buckling to occur when the blank-holding forces are
insufficient. Using macro-texture blankholders material in the flange region can be divided
into two zones, as shown in Fig.7, where one zone refers to material constrained by the two
tool surfaces and the other group refers to material located in a groove. For simplicity, the
constrained material between die and macro-texture surface is defined as Zone S, while the
material in the groove is defined as Zone G. As Zone G material has no blank-holding force
constraint, when the test-piece is drawn into the die, the compressive hoop stress may cause
Zone G material to wrinkle. The geometry of this material will vary depending on the
blankholder macro-texture geometry and draw ratio. Hence two geometry assumptions are
investigated in this section. Zone G material can be assumed to be a series of discrete onedimensional beams in each groove or a part of two-dimensional plate in each groove. Two
analytical buckling models based these assumptions have been established.

Fig.7. Schematic diagram of test-piece zoning using macro-texture tool

4.1 Mechanics analysis and boundary conditions
For a given tool texture ratio and draw ratio, this material may buckle when the end load
(compressive stresses on Zone G at interfaces between Zone S and Zone G material) reaches
a certain magnitude. Selecting an infinitesimal unit of material at the interface between Zone
S and Zone G, the stress state of this unit is given in Fig. 8. As Zone G material has no
friction force in the radial direction due to the material being positioned in the groove, it is
more likely than the surface constrained material to be drawn into the die, hence, an
additional shear stress could be generated at the interface between two neighbouring units.
Establishing a force equilibrium equation in the radial direction can be expressed as in Eq. (4).
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 r  rd  t   dr  t sin d
(  d )dr  t sin d


2


2

 ( r  d r )(r  dr )td  2 PS

 2   dr  t sin d



(4)

2

Where  r is the radial tensile stress,  is the additional shear stress at the interface,   is the
hoop compressive stress, r is the instant radius,  is the subtended arc angle of this unit, t
is test-piece thickness,  is friction coefficient, S is the unit area calculated using Eq. (5),
and P is blank-holding pressure.

1
1
S  (r  dr )2 d  r 2 d
2
2

(5)

Applying Tresca yielding criterion  r      f into Eq. (4), where  f is material flow
stress, and integrating, the radial tensile stress and hoop compressive stress can be obtained as
in Eq. (6) and Eq. (7).

b
r

 r   f ln 
b
r

2 P(b  r )
t

    f (ln  1) 

2 P(b  r )
t

(6)

(7)

Fig.8. Stress state of an infinitesimal unit at the interface between Zone S and G

Considering the boundary condition assumption of the constraint of Zone G material, it is
assumed that each Zone G material is constraint by two half surfaces at two ends.

Establishing a cross-section A-A, from the side view of this cross-section as shown in Fig. 9
(a), schematic diagrams of the hinged and built-in boundary conditions [29] are illustrated in
Fig. 9 (b). Each Zone G material between two surfaces can be regarded as a piece of material
constraint by half of the surfaces at two ends.

(a) Schematic diagram of boundary condition determination

(b) Schematic diagram of hinged and built-in boundary conditions

Fig.9. The boundary condition assumptions using macro-texture tool

4.2 One-dimensional (1-D) buckling model
Applying the one-dimensional beam assumption, when the hoop compressive stress reaches a
certain magnitude for a given texture ratio and draw ratio, Zone G material may buckle via
the classic beam buckling phenomenon under the influence of hoop compressive stress as
shown in Fig.10. Establishing a Cartesian coordinate system for the analysed Zone G material,
the X-axis represents Zone G material length, the length changes across the width of the beam

14

f , where f  r  a , r is the instant radius of outer flange and a is the radius of inner flange.
F * is the inner force on a particular cross-section, while the Y-axis represents the buckling

direction.

Fig.10. Schematic diagrams of the buckling phenomenon of Zone G
A classic energy method (Senior’s method [16]) is applied to analyse the onset of beam
buckling. To apply energy method, the deflection expression of wrinkling curve y( x) needs
to be obtained first, for the above two boundary conditions, Eq. (8) and (9) need to be
satisfied for hinged and built-in boundary conditions respectively. When x  0 and x  rmG :

y ( x)  0
y( x)  0

(8)

y ( x)  0
y( x)  0

(9)

The corresponding mathematical expressions of wrinkling deflection can be obtained in (10)
and (11).

y   sin

x
l

2 x 

y    cos
 1
l



(10)

(11)

Where  represents the deflection amplitude, l represents the length of a half-wave segment
in Eq. (12) and n represents the waving number. rm is the instant radius of central line of
Zone G material expressed in Eq. (13).

l

G rm
2n

rm 

ar
2

(12)

(13)

Here, reviewing Senior’s Euler energy method to calculate this buckling model, the energy
used to balance the work done ( T ) by external force (compressive hoop stress) can be
divided into the lateral elastic bending energy EB and the remaining energy E p derived from
tool clamping between punch and die. Hence, the limit buckling occurrence condition [16] is:

T  EB  E p

(14)

EB of a half-wave segment of deflection is [16]:
EB 

1 l
d2y 2
EI
(
)
2 0
dx 2

Where E represents Young’s modulus and I is the second moment inertia I 

(15)

ft 3
. In order
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to reflect the buckling behaviour in the plastic range, a simple assumption proposed by Von
Karman [30] is applied, where a reduced modulus E0 is used to reflect the condition when
material is beyond the elastic limit:

E0 

4 EEt
( E  Et )2

(16)

Where Et is the material tangent modulus. For the hinged boundary condition, substituting
Eq. (10) and Eq. (16) into (15), the expression of EB can be written as:

EB 

2n3 E0 I  2 4
G3 rm3

(17)

The work done by hoop compressive external load can be obtained as:

16

T    ft  
Where

(18)

 represents the movement of load during bending [16]:


1 l dy 2
( ) dx
2 0 dx

(19)

Combining Eq. (10) and Eq. (19) and substituting into Eq. (18), the work done can be
expressed as:

T    ft

n 2 2
2G rm

(20)

The calculation of EP incorporating Senior’s lower limit methods [16] is written in Eq. (21).

EP  

l



y

0 o

fqdydx

(21)

Where q simulates the tool clamping of the inner flange periphery. Morley [31] found that
the deflection at the mean radius is proportional to the load:

y

Cqf 5
8E0 I

(22)

For Senior’s lower limit, the deflection is proportional to the buckling wave amplitude [16]:
q  Ky

(23)

Then EP of lower limit can be obtained using Eqs. (10), (21), (22) and (23):

EP 

fK 2G rm
8n

(24)

Recalling the critical condition of occurrence of wrinkling in Eq. (14), and substituting Eqs.
(7), (12), (13), (17), (20) and (24) into (14), the onset condition of plastic buckling using
hinged boundary condition can be written as:
b
r

 f ln 

2 P(b  r )
2
 t   4 2 n 2 (r  a) 2
G2 (r  a)2 
t
   

0
2
2
E0
24(r  a) 2 n 2 2 
 f   3G (r  a)

(25)

In a similar way, the onset condition of plastic buckling using built-in boundary condition can
be written as:

b
r

 f ln 

2 P(b  r )
2
 t   64 2 n 2 (r  a)2
5G2 (r  a)2 
t
   

0
2
2
E0
24(r  a) 2 n 2 2 
 f   3G (r  a)

(26)

4.3 Two-dimensional (2-D) buckling model
An additional means of analysing buckling for this geometry is to consider all the material in
Zone G as part of a 2-D plate and express mathematical equations in the form of a cylindrical
coordinate system on the annular flange surface. To this end, Yu et al. has established the
mathematical expression of deflection [18] for two-dimensional buckling based on the energy
method, where the radial coordinate is considered, then the mathematical expression of
deflection is  (r  a) f   . For the use of macro-textured blankholders, boundary conditions
in the hoop direction must be applied which can be assumed as either hinged (27) or built-in
(28) respectively. Hence, the boundary conditions at   0 and   G for the hinged and
built-in case are expressed as:

f ( )  0
f ( )  0

(27)

f ( )  0
f ( )  0

(28)

Hence, the deflection curve of the wrinkles can be mathematically expressed using Eq. (29)
and (30) for hinged and built-in boundary conditions respectively.

w(r , )   (r  a)sin(

w(r , )   (r  a) cos(

n

G

2n

G

)

(29)

 1)

(30)

Where  is the wave amplitude.
In this paper, only plastic buckling has been investigated due to the large draw ratio and thin
sheet used for this deep drawing process. Hence, the reduced Young’s modulus is still applied
to reflect the condition when material is beyond the elastic limit. Applying the energy method
to conduct the instability criterion for Zone G material, the strain energy of plastic bending
can be calculated using Eq. (31) [33] for Cartesian coordinate system and is transformed to
Eq. (32) for a cylindrical coordinate system.
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U P  

r

a



G

0

DP
2


 2w 2w
2w 2 
 2w 2w 2

(

)

2(1


)

(
)   dxdy
 2

2
2
2
y
xy  

 x y
 x


D P  2 w 1 w 1  2 w 2
 2 w 1 w 1  2 w
P
(


)

D
(1


)
(

)
a 0
2 r 2 r r r 2  2
r 2 r r r 2  2
1  2 w 1 w 2
P
 D (1  )(

) ]rdrd
r r r 2 
U P  

r

G

(31)

[

(32)

Where  G is defined as the subtended arc angle of the 2-D plate suitable for different tool
textures and  is the Poisson's ratio. A radius ratio  is defined as shown in Eq. (33). D P
represents the bending rigidity of test-piece in Eq. (34).

 a/r
DP 

E0t 3
12(1  2 )

(33)

(34)

For the hinged boundary condition, substituting Eqs. (29), (33) and (34) into (32), the strain
energy of bending can be calculated to obtain the expression in Eq. (35).
P
P
U Hinged
 D P 2 FHinged
( ,  ,G , n)

(35)

In terms of the work done by external forces, the expression of work [33] is given in Eq.
(36).

T P  

1 
w 2
1 w 2 
) rdrd
 r t ( )    t (

2 
r
r  

(36)

For plastic buckling analysis of Zone G on the annular flange area, the radial and hoop
stresses can be calculated using the Tresca yielding criterion. In order to simplify the
mathematical integration in Eq. (36), blank-holding force is neglected and thus radial and
hoop stresses in Eqs. (6) and (7) can be simplified to Eqs. (37) and (38).

 r   f ln(b / r )

(37)

   f [ln(b / r )  1]

(38)

Substituting (29), (34) and (38) into (36), the work done is expressed as:
P
P
THinged
  f  2 H Hinged
(t , r ,  ,G , n)

(39)

The onset condition of plastic buckling of Zone G material using the hinged boundary
condition at the annular flange area can be expressed as:
P
P
U Hinged
 THinged

(40)

In a similar way, the onset condition using the built-in boundary condition can be expressed
as (41):
P
P
U Built
in  TBuilt in

(41)

The onset conditions of plastic buckling of zone G material can be written as (42) and (43)
for the hinged and built-in boundary conditions respectively:

f
E0

f
E0





P
FHinged
( ,  ,G , n)
P
H Hinged
(t , r ,  ,G , n)

0

P
FBuilt
in ( ,  , G , n)
0
P
H Built in (t , r ,  , G , n)

(42)

(43)

4.4 CDM material model
Considering the above two analytical buckling models, the onset of buckling is determined by
both material strength  f E0 and geometry parameters of Zone G material. Due to the flow
stress and reduced Young’s modulus of Zone G material that varies with the degree of
deformation, the establishment of corresponding relationships between geometry parameter
and material constitutive equations is necessary.
Firstly, the stress strain behaviour of the alloy needs to be modelled. A novel continuum
damage based material model proposed by Lin et al. [34] is applied here to model constitutive
equations of AA6082-O condition at room temperature. The list of equations is given below.
This series of multi-axial dislocation based constitutive equations can be converted to
uniaxial constitutive equations via adjusting material constants in the equations.
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Eq. (45) represents the effective plastic strain rate  p , where  e  (3Sij  Sij ) / 21/2 is effective
stress, Sij   ij   ij kk / 3 is the deviatoric stress tensor, k is the initial yield stress,  is the
damage factor, K and n are material constants. Eq. (45) gives the expression of plastic strain
rate tensor to model multi-axial power-law visco-plastic behaviour. The evolution of material
hardening, R , is given by Eq. (46), which is a function of the normalized dislocation density,

  (   i ) / m , i is the dislocation density for the initial material and  m is the maximum
(saturated) dislocation density. Hence  varies from 0 (the initial state) to 1 (the saturated
state). Eq. (47) gives the evolution of dislocation density,  , where A and C are material
constants. A detailed explanation of this equation is illustrated in Lin et al. [35]. In Eq. (48),

 ij is the stress tensor and Dijkl is the elastic matrix of the material. Eq. (49) represents the
multi-axial damage evolution,  , which comes from the uniaxial form of the multi-axial
stress-state effect. Where 1 ,  2 and  3 are weighting parameters considering stress state
effect on damage evolution,  is a multi-axial stress damage exponent and  is a correction
factor related with different strain measurement method, 1 ,  2 and 3 are material constants.
Considering no damage arises in the flange, the damage effect in Eq. (49) can be neglected by
setting  ,  and 1 in Table.3, and modelling only the strain hardening stage, as shown in
Fig.11 (a), the unbroken line represents the numerical fitting, while the red symbols represent
experimental data. Table. 3 gives the needed material constants for Eq. (45) to Eq. (50).
Tab.3. Material constants in CDM material model of AA6082-O condition

n1

A

C

n2

200

2.15

0

1.8

1

2

3

E (MPa)

0

20

1

70000

K (MPa)

k (MPa)

9

5.1

9





1

0

B (MPa)

The tangent modulus Et in (50) and flow stress  f can be obtained for different strains.

Eti 

 i 1   i
 i 1   i

(50)

Secondly, when the blank is drawn to a certain position (from r 0 towards r j ) as shown in
Fig.11 (b) corresponding to a certain blank diameter reduction, as flange material has plastic
deformation strain here, hence, the flow stress and reduced modulus are dependent on the
different strain. To find this approximate relationship, assuming the region of Zone G
material as a thin slab which only sustains hoop compressive stress, the deformation type of
this slab can be assumed as an uniaxial compression test. Then the instant blank diameter
reduction i  b  r i / b corresponding to a certain true strain in uniaxial tensile test is
calculated as in Eq. (51). Recalling the critical conditions of wrinkling, for a given blank
diameter reduction,  f / E0 and geometry functions can be calculated using the instant
geometry dimensions and CDM material model. When the left sides equal to zero, wrinkling
occurs. Combining the CDM material model with the critical conditions of wrinkling
occurrence in Eqs. (25), (26), (42) and (43), analytical buckling models for a given material
with different process parameters and tool designs can be obtained. Considering the surface
constraint of Zone G material using macro-textured blankholder, each Zone G material is
constrained by two half surfaces as shown in Fig. 9. Assuming each unit (one Zone G and
two half surfaces) has a wave when buckling occurs, then n value can be determined for
different texture ratios in Eq. (52). Table. 4 gives the remaining necessary process parameters
of analytical buckling models

 i  ln(1  i )
n

G

(G   S )

(51)
(52)
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(a) Material model fitting

(b) Corresponding relationship

Fig.11. Material fitting and corresponding relationships in buckling models

Tab.4. The remaining process parameter

a



Friction coefficient

 G (°)

 s (°)

Draw ratio

61.65

0.33

0.1

2.5, 7.5 and 12.5

2.5

1.7,1.8 and 1.9

5. Results and Discussions
5.1 Blank-holding force effect
Fig. 12 illustrates the effect of blank-holding force on the occurrence of wrinkling with tool
textures:   3 and   5 at blank-holding forces (BHF) of 10 kN and 40 kN for draw ratios
1.7, 1.8 and 1.9 respectively. The forming speed for all tests was 75 mm/s. The solid symbols
in the figure represent experimental data of wrinkling occurrence: 10 kN (red) and 40 kN
(black). 1-D beam buckling model with a hinged boundary condition was applied here to
investigate the blank-holding force effect. Combining the equations (25), (50), (51) and
material model equations together, the analytical wrinkling onset points of different tooling
and test conditions could be obtained and plotted using Matlab as shown in the four lines of
Fig.12. The dash and solid lines represent the tool texture design   3 and   5 with
blank-holding forces 10 kN for the red and 40 kN for the black. Wrinkling occurrence could
thus be analysed and compared experimentally and analytically. It can be seen that there is
little difference in analytical lines for BHF 10 kN and BHF 40 kN. Little differences between
BHF 10 kN and 40 kN cases can be still observed in the experimental results. It should also
be noted that wrinkling begins on one end, then the outer flange material buckles which leads
to wrinkling spreading inwards in the radial direction. Furthermore, the experimental and
analytical results also have similar variation trends, which shows that blank-holding force has
no clear effect on the wrinkling occurrence. The reason is that, recalling Eq. (7), before
wrinkling occurs (small diameter reduction), compared with the material deformation load
(first item on the right), the blank-holding force effect (second item on the right) on hoop
compressive stress is much smaller and can be neglected. This phenomenon further certifies
that the approximations for Eq. (37) and Eq. (38), where the blank-holding force terms in
equations for two-dimensional buckling model are eliminated, is reasonable.
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Fig.12. Blank-holding force effects on wrinkling occurrence, where lines represent analytical
results, solid symbols represent experimental results.

5.2 Boundary condition effect
Recalling Eqs. (25), (26), (42) and (43), two kinds of boundary conditions, hinged and builtin are both investigated. Fig. 13 shows the comparison of analytical results using 1-D (red)
and 2-D (black) buckling models with a tool texture design   5 , where the solid lines
represent the hinged boundary condition and the dash line represents the built-in boundary
condition. Corresponding experimental results (red) and numerical results (black) are given
and compared with analytical lines. Less differences between experimental and analytical
results are found using the hinged boundary condition, while using built-in boundary
condition, the analytical line is much higher than using the hinged boundary condition, which
means that wrinkling phenomena occurs at a greater blank diameter reduction. Due to this
large difference between analytical results (built-in) and experimental, numerical results,
hence the assumption of built-in boundary condition of Zone G material is not as accurate as
the hinged boundary condition to reflect the surface constraints of the Zone G material. In
addition, 2-D buckling analytical model has a better agreement with the experimental and
numerical results than 1-D beam buckling analytical model for the tool design   5 , which

illustrates that 2-D plate buckling is more accurate to reflect the geometry character of Zone
G material, detailed explanations are given in Section 5.3 and 5.4.

Fig.13. Boundary condition effects on wrinkling occurrence, where solid lines represent the
hinged boundary condition and dash lines represents the built-in boundary condition.

5.3 Texture ratio effect
Fig. 14 shows the texture ratio effect on wrinkling occurrence for 1-D (solid line) and 2-D
(dashed line) analytical curves at a blank-holding force 10 kN and forming speed 75 mm/s.
Typical experimental results (solid symbols) are also presented. The regions below the two
analytical curves represent no buckling zones, while the regions above represent buckling
zones. With the increase of texture ratio, wrinkling occurs more readily and the limit
reduction of diameter decreases. As shown in Fig. 14, if the texture ratio is small enough (Fig.
14 No.1 for   1 ), the test-piece can be fully drawn without wrinkling, while if the texture
ratio is greater, wrinkling is generated when the test-piece is drawn with a certain diameter
reduction (Fig.14 No.3 for   3 ). Hence, a process window for the onset of wrinkling can be
constructed. Three typical experimental test conditions were used to validate the analytical
models. For Test No.1 with a texture ratio   1 and draw ratio 1.8, a fully drawn cup could
be formed; For Test No.2 with a texture ratio   3 and draw ratio 1.8, the experimental point
is located in the region between two analytical buckling models. The 1-D model curve is
higher than 2-D curve, this might be because for the two-dimensional plate assumption, the
26

Zone G material is more likely to experience wrinkling compared with the one-dimensional
beam. For Test No.3, the experimental point representing a formed part with severe wrinkling,
is located above these two analytical curves. The experimental results indicate the 2-D plate
assumption buckling model represents wrinkling behaviour with useful accuracy. For a
certain process draw-ratio and test-piece material, there exists a limit texture ratio. If the tool
texture ratio is lower than this limit magnitude, no wrinkling occurs. For a particular tool
texture ratio wrinkling can be avoided by limiting the magnitude of the flange diameter
reduction.

Fig.14. Texture ratio effects on wrinkling occurrence, where solid line represents 1-D
analytical result and dashed line represents 2-D analytical result; symbols represent
experimental results
5.4 Draw ratio effect
Test-piece draw ratio is another factor affecting the occurrence of wrinkling. This is because
both texture ratio and draw ratio have coupled effects on controlling Zone G material
geometry. Fig. 15 shows the draw ratio effect on wrinkling occurrence for blankholder
textures:   3 and   5 , at a blank-holding force 10 kN and forming speed 75 mm/s.
From the analytical curves, experimental and numerical results, it can be seen that, with the
increasing of draw ratio, wrinkling is more likely to occur. This is due to the larger initial
work-piece diameter resulting in more material with no blank-holding force constraint, and

the increased free Zone G material area will be more likely to experience buckling. In
addition, for 1-D analytical buckling model the error between experimental results and
analytical results for   5 is greater than those of   3 , this difference becomes greater as
well with the increasing of draw ratio for   5 . The reason for this might be that, for a
greater texture ratio, 1-D beam assumption is not accurate to reflect the geometry feature of
Zone G material, the reason is that, with the increasing of draw ratio or texture ratio, the
geometry shape of Zone G material is more like of a part of plate due to the dimension
difference between arc length and thickness becomes large.
For a greater texture ratio, the onset of wrinkling occurs at a smaller blank diameter reduction
and combined with the imperfect circle of the flange due to anisotropy, results in
measurements being difficult to record. Furthermore, the increasing of thickness is ignored by
assuming initial thickness is constant which contributes to simplifying the calculation
significantly. For a given texture ratio   5 , the difference between analytical and
experimental, numerical results for the 2-D analytical model are lower than those of the 1-D
analytical model. In addition, with the increase of draw ratio, the critical blank diameter
reduction when wrinkling occurs is smaller, which illustrates that a larger draw ratio may
allow wrinkling to occur more easily, this trend is similar with the texture ratio effect.

Fig.15. Draw ratio effects on wrinkling occurrence at a blank-holding force 10 kN
and forming speed 75 mm/s.
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6. Conclusions
The work described in this paper is an investigation of the occurrence of wrinkling in the
flange of deep drawn cylindrical cups in aluminium alloy using macro-textured blank-holder
surfaces, through experimental, numerical and analytical methods. The textures comprised
radial grooves of rectangular cross-section with the bearing area defined by a ratio of groove
to surface areas. With a small texture ratio   1 , the test-piece material could be fully drawn
into the die without the occurrence of wrinkling, while using   3 and   5 , wrinkling
occurred when the diameter reduction reached a threshold magnitude.
A finite element model has been established to model the material deformation and wrinkling
defects using macro-textured tool surfaces. Close agreement between normalized thickness
distributions could be found between experimental and numerical results for different test and
tooling conditions.
Two analytical buckling models: 1-D (assumed beam) and 2-D (assumed plate) of aluminium
alloy in deep drawing with macro-textured blankholder were established for the first time and
validated by both experimental and numerical results. The effect of blank-holding force on
the occurrence of wrinkling was investigated using a 1-D analytical model, where this effect
was found to be insignificant compared to the effects of texture ratio and draw ratio, with the
increase of texture ratio and draw ratio resulting in wrinkling defects being more likely to
occur.
It was found that there exists reasonable error between the analytical model and experimental
data, due to the geometry assumption of material in the groove of a texture. The 2-D plate
buckling model was found to exhibit better agreement with experimental results compared to
the 1-D beam plate buckling model. Furthermore, applying the hinged boundary condition
surface constraint on Zone G was found to show more representative results than the built-in
boundary condition. These analytical buckling models could provide useful guidelines in
designing macro-textured tool surfaces for sheet stamping processes.
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Novel flange wrinkling model for sheet stamping processes with macro-textured tool.
Hinged boundary condition most accurate tool texture constraint on blank.
Texture ratio and draw ratio effects are key factors affecting onset of wrinkling.
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