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Abstract

The work described in this paper is the development of a buckling model based on the classical energy
method of flange area material using a one-dimensional beam geometry assumption to predict flange
wrinkling in hot deep drawing aluminium alloys with macro-textured blankholder surfaces. A series of
deep drawing experiments utilising different macro-textured tool surfaces were performed to
investigate the effects of process parameters and texture features on flange wrinkling. The results have
shown that wrinkling occurs when the hollow dimension of radially grooved textures reached a certain
magnitude dependent on process conditions. A dislocation-driven based damage mechanism (CDM)
material model for aluminium alloys at elevated temperatures was used to model the viscoplastic
behaviour during deformation. The newly developed buckling model was validated by comparison
with experimental results. The predicted results showed that the resistance to wrinkling increases with
increasing forming temperature and decreasing forming speed, depending on the particular
viscoplastic characteristics of the work-piece. The effects of texture ratio and draw ratio on wrinkling
were found to be more significant than the effects of the temperature and strain rate. The buckling
model developed in this paper can be used to model the flange wrinkling phenomena, as well as the

non-isothermal feature in the hot stamping condition using the macro-textured tool surfaces.

Keywords: Hot stamping, aluminium, macro-textured tool, flange wrinkling, buckling model



1. Introduction

Increasing economic and environmental concerns have driven the need for lighter but
safer structures in the transportation industry, making lightweight materials, such as
aluminium and magnesium alloys, popular candidates for automotive and aerospace
applications [1-4]. A large proportion of body structures is made of formed sheet
metal. To overcome the poor ductility of aluminium alloys at room temperature and
manufacture complex-shaped components, a novel hot stamping process, named
solution heat treatment, hot forming and cold die quenching (HFQ®), was proposed
and patented by Lin et al. [5]. HFQ® is now a leading edge technology in this area [6,
7]. Apart from exploiting the viscoplastic behaviour of aluminium alloys at elevated
temperatures, hot stamping at solution heat treatment temperatures can also increase
ductility due to the dissolution of the initial coarse precipitates for heat-treatable
aluminium alloys [8]. The obtained optimum microstructure can then be “frozen”
using cold die quenching after hot stamping and the formed component can be
artificially aged to maximum strength to meet strength requirements. The non-
isothermal feature of hot stamping processes due to the heat transfer between the hot
work-piece and the cold dies results in non-uniform deformations, which affect hot
formability significantly. This issue can be alleviated with the use of macro-textured
tool surfaces, such as the one introducted by Zheng et al. [9]. The use of textured
tools significantly reduces the contact area and heat transfer compared to traditional
flat tool designs. This results in a more uniform temperature distribution within the
work-piece, which improves the deformation uniformity and thereby increases the

drawability of hot stamping aluminium alloys.

However, tool designs with textured hollows may result in flange wrinkling for
complex-shaped components that are formed under complicated stress states. The
occurrence of flange wrinkling was found to be related to the dimensions of the
textured hollows. To maximize the function of macro-textured tool surfaces and

determine the critical texture dimensions, finite element (FE) method can be used to
2



model material deformation under different texture designs, which requires huge
amount of simulations to obtain the critical dimension, and the accuracy also is
determined by the wrinkling criterion of a particular FE software. Hence, an
analytical buckling model for predicting the flange wrinkling for specific macro-
textured tools would be a useful guide to facilitate wrinkling prevention by industrial
tool designers efficiently and provide fundamental understanding of wrinkling

occurrence.

Flange wrinkling phenomena have been investigated extensively through models by
the mechanism of buckling in sheet metal forming processes. Senior [10] has
established a flange wrinkling model based on the energy method for the deep
drawing process without blankholder. In this model, the flange material was assumed
as a one-dimensional beam and is accurate only when the flange width is small
compared with work-piece radius. Yu and Johnson [11] applied the two-dimensional
elastic-based rigid-plastic stability theory to analyse the flange wrinkling behaviour
in the deep drawing process. The established buckling model was capable of
predicting the occurrence and wave number of flange wrinkling. These buckling
models applied a reduced modulus [12] to reflect the material behaviour when the
stress is beyond the elastic limit, which eases the analysis at a reasonable loss of
accuracy. Apart from that, Hutchinson et al. [13, 14] have also proposed a bifurcation
function based on Hill’s general theory of uniqueness and bifurcation of elastic-
plastic solids [15] to predict the plastic wrinkling of shells. The buckling model
based on the bifurcation theory can be extended further for anisotropic materials
using Hill’s non-quadratic yield criterion [16] and the six-component yield function
of anisotropic materials [17, 18]. Besides the popular buckling models described
above, a C-B wrinkling criterion based on the energy conservation principle has been
proposed [19, 20]. The effects of the blankholding force were considered in the C-B
criterion, and the proposed buckling models were validated by experimental results

using a rectangular shaped component. The abundant buckling models in the
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literature described above are focused on cold forming conditions and are
inapplicable to the hot stamping processes of aluminium alloys that are gaining
widespread use in recent times. The work in this paper aims to provide flange

wrinkling models that are appropriate for the application of these new technologies.

The prediction of flange wrinkling for hot stamping is not trivial. Unlike materials at
room temperature, viscoplastic behaviours dominate deformation at elevated
temperatures, for alloys which are temperature and strain rate dependent [21]. Hence,
the forming speed and thermal reaction during forming need to be considered and
modelled in hot stamping processes [22]. Furthermore, the advanced macro-textured
tool design used in hot stamping processes requires more factors, such as the

geometry, displacement expressions, and boundary conditions, to be considered.

In this paper, a buckling model of the flange wrinkling phenomenon in hot stamping,
based on the one-dimensional beam geometry assumption, using an energy method is
developed the first time. This enables the occurrence of flange wrinkling to be
predicted for different tool surface texture designs and the non-isothermal feature of
hot stamping to be modelled. A series of corresponding deep drawing experiments
have been performed to validate the developed model. In addition, the effects of
forming temperature, forming speed, texture ratio, and draw ratio on the occurrence

of flange wrinkling were investigated experimentally and analytically.
2. Experimental set-up
2.1 Work-piece material and experimental tool set

The selected work-piece material was commercial aluminium alloy AA6082-T6
condition provided by Smith Metal UK, which was machined to circular work-pieces
with diameters: 170, 180, and 190 mm. The chemical composition of work-piece

material is given in Table 1.



The components of the cylindrical hot deep drawing process using a textured tool
surface are shown in Fig. 1(a). Fig. 1(b) shows the dimensions of the tools that
contacted the work-piece. A flat-nosed punch, 100 mm diameter and 10 mm corner
radius, was used for the deep drawing experiments, which involved different draw
ratios (DR = Dy,ork—piece/ Dpuncn)- The draw ratios used in the experiments were
1.7, 1.8, and 1.9. The macro-scale texture rectangular grooves were machined on
only the lower blankholder. The grooves were radial so as to avoid the constraint
effect of macro-textures not parallel to the material flow direction [23]. These
textures can be divided into two features: the groove and the surface, as shown in Fig.
1(c), which is a plan view of a quarter of the macro-textured blankholder. The depth
of each groove was 1 mm. The size of each feature is characterised by the radial
angle of the groove. Surface and groove arc angles were defined as 65 and 6,
respectively. To reflect the magnitude of texture geometry variation, a texture ratio «
Is defined as the ratio between the groove and surface arc angles, Eq. (1). The radial
angle of the surface 6 was 2.5 ° for all the textured tools. The ratio & = 0 represents
a non-textured flat surface, which has uninterrupted contact with the work-piece, and
the ratio a = o represents a knife-edge contact with the work-piece. The
blankholder was supported on a gas cushion system via a support frame, which also
supplied the blank holding force. Four geometries of blankholder surface were used,
a plane surface and three macro-textured surfaces. The corresponding texture ratios
used in the experiments were: @ = 0,1, 3,5. The horizontal die surface, which was
part of the blankholder, was flat. The die was attached to the ram of a 250 kN ESH
hydraulic press with a maximum forming speed of 500 mm/s and a total stroke of
200 mm.

a=0g/0s (1)
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Fig. 1. Experimental set-up and the details of the tool

Table 1. Chemical composition of AA6082

Element Mn Fe Mg Si Cu Zn Ti Cr Al
0.4- 0.6- 0.7- 0-
% 0.5 01 02 01 Balance
1.0 1.2 1.3 0.25

2.2 Experimental procedure

Fig. 2 shows the temperature profile of a work-piece during experiments. The as-
received work-piece material was first solution heat treated to dissolve the initial
coarse precipitates into the aluminium matrix and rapidly cooled to room temperature
to obtain a super-saturated solid solution state. In order to investigate the effects of
forming temperature and forming speed on flange wrinkling, the quenched work-
piece was heated again to the target temperatures and deep drawn using different
macro-textured blankholders at different forming speeds. Two typical forming
temperatures were selected, 350 °C and 450 °C, and the forming speeds were 75

mm/s and 300 mm/s. Table 2 shows the process parameters.
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Fig. 2. The flow chart of hot stamping test procedure

Table 2. Process parameters used in this study

Forming Forming Tool
Process Texture Draw BHF
) ) temperature speed temperature
parameter ratio a ratio
(°C) (mm/s) (°C)
1.7,1.8,
Value 0,1,3,5 L9 350, 450 75, 300 10 20

2.3 Typical hot stamped parts

Fig. 3 shows typical hot stamped parts using macro-textured blankholders with
different texture ratios at a forming temperature of 350 °C and a forming speed of
300 mm/s. The draw ratio was 1.8, and the blankholding force was 10 kN. As shown
in the figure, the degree of flange deformation was determined by the texture ratio on
the blankholder. Using flat blankholder and textured blankholder with a ratio, 1,
work-piece material were successfully drawn to circular cylinders, as shown in Fig.
3(a) and (b) respectively. While severe flange wrinkling occurred for texture ratios, 3

and 5, as seen in the Fig. 3(c) and (d). The extent of wrinkling was evaluated visually.
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Fig. 3. Hot stamped parts using different blankholders

Using the small texture ratio of 1, the work-piece can be successfully drawn in with a
slightly wrinkled outer edge that can be ironed in, which is believed to be caused by
two reasons as illustrated in Fig. 4. Fig. 4(a) shows the schematic diagram of material
deformation at flange region using the textured tool design. The dash line represents
the initial work-piece profile, while the red line represents the deformed work-piece
profile. As the flange material experiences compressive stress in the hoop direction,
thickening occurs for the flange work-piece material. When a textured tool is used,
work-piece in contact with the texture surface is constrained by the blankholding
force, while the work-piece located at the texture hollow has no blankholding force
constraint. Therefore, the thickening is greater for the material at the texture hollow

9



which results in a wave profile as shown in the red line in Fig. 4(a). Furthermore, as
the outside flange material undergoes the maximum compressive stress, the
thickening there is greater than the inner flange material, as can be seen in Fig. 4(b).
Such a wave pattern can be further ironed by the punch and die when the work-piece
material is drawn fully in the die. The other possible reason is that, when the work-
piece material is drawn to a large radius reduction, slight wrinkling occurs at the
outside edge of the flange which can be ironed also. Compared to the severe flange
wrinkling using texture ratios 3 and 5, the slight wrinkling using a texture ratio of 1
has no effect on the draw-ability of the hot stamping process. To enable tools to be
designed with textures that optimally control heat transfer and do not cause
unacceptable wrinkling, an accurate model of the process is necessary.

Die
* Initial work-piece profile \&\
09 O96

JE—— s o

A — : ] =7 L ——— 1§ f
Deformed work-piece profile : i
BHE
Blankholder /

(@) Schematic diagram of work-piece deformation at flange zone

—

Texture hollow

(b) Flange material deformation
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Fig. 4. Flange material deformation textured blankholder with a texture ratio,

a=1
3. Buckling model
3.1 Modelling of macro-textured tool surface design

Since the wrinkling phenomenon is affected by the texture geometry, the texture
geometry and the corresponding work-piece are defined for this model. Fig. 5 shows
the outer edges of part of a textured blankholder. The area of the work-piece within
the blankholder has been divided into two zones: Zone G subtends a groove and
Zone S contacts the blankholder surface. Thus the work-piece area within the
blankholder is divided into a series of discrete sectors, the sector reprsenting Zone S
has a same subtended radial angle with the surface of tool texture, 85, while the
sector reprsenting Zone G corresponds to a radial angle 8. The magnitudes of 65

and 6, are the same as those used in the experiments.

{ vorpece |

Blankholder

Tool texture

Fig. 5. Zoning of tool textures and work-piece

3.2 Modelling of work-piece material in hot stamping condition
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To model the work-piece material deformation of AA6082 at elevated temperatures,
a viscoplastic damage constitutive model, which accounts for the mechanisms of
dislocation-driven evolution phenomena, hardening, dynamic and static recovery,

and damage, has been developed. The full set of the constitutive equations are listed

as follows:

.p _ (0/(1-w)-R—-k\™

& = ( K ) (2)
R =0.5Bp™%%p (3)
p=A—-p)EP| —Cp™ (4)
. |P|"2

w = 171 (1—(4))"3 (5)
c=E(1-w)(c—¢" (6)

Eq. (2) is the traditional power-law viscoplastic flow formulation, which considers
the effects of damage w on viscoplastic flow. Eq. (3) represents the evolution of
material hardening, R, which is a function of the normalised dislocation density p
defined by p = (p — p;)/pm, Where p; is the dislocation density of the material at
the initial state and p,, is the maximum (saturated) dislocation density of the material.
Hence, the range of normalised dislocation density, p, is from 0 to 1. Eq. (4)
represents the rate of accumulation of dislocations. Eq. (5) represents damage
evolution for the uniaxial formulation, which is a function of plastic strain rate £7.
Eq. (6) is Hook’s law for a simple uniaxial state. In this equation set, n, and n; are
temperature-independent parameters, while the material parameters K, k, n,, B, A, C,
E, n,, and n, are temperature dependent. The equations of these parameters were
developed based on the Arrhenius equation and other functions for modelling
aluminium alloys at elevated temperatures by Mohamed et al. [7, 24] , which are

defined as follows.

12



K = K, exp(K,/T) + Kzexp(K,/T) (7

k=l + (ky — k) /(1 + (1/(ksT))*) (8)

n = ny; +nyexp(—(ngz/T)) (9)

B = By + (B, — B,)/(1 + (1/(BsT))?*) (10)
A=Ay exp(A,/T) + As exp(4,/T) (11)
C = Crexp(C,/T) (12)
E = E,exp(E,/T) (13)
M= M+ (2 = 110) /(A + (1/(113T)) ") (14)
N2 = Nz1 + (22 = N21)/ (1 + (1/(np3T)"24) 2 (15)

Table 3 lists the values of material constants for the viscoplastic damage model of
AA6082 for the conditions relevant to hot stamping. In Table 3, the symbol X
represents the temperature-dependent parameter in Eq. (2) to Eq. (6). X; to Xs
represent the corresponding components of each temperature-dependent parameter.
The values of material parameters were obtained by fitting hot uniaxial tensile test
results of AA6082 at different temperatures [25] via a computer-based methodology
and reasonable the obtained values experientially based on the viscoplastic
behaviours of aluminium alloys, as shown in Fig. 11(b). A genetic algorithm (GA)-
based optimisation method [26] is used for the determination of the constant values

within the material model using the objective functions given in [27].
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Table 3. Material constants for viscoplastic damage model of AA6082. The variable

X at the top of the table represents the property listed on the first column.

X X4 X, X3 X4 X5
K 24.61 214.4 -3124 -3819
k 99.014 7.59901 0.0017 7.4075
ny -19.068 16.007 -224.69
B 45499 | 37.28519 | 0.0021 10.404
50.71 -2300 2.903 -316.9
C 11890 -5004
10870 | 555.0216
M1 0.30515 | 0.09066 | 0.001765 | 10.611
M2 1.03 0.961 0.00153 | 56.2013 35
3 17
n, 1.8

3.3 Modelling process parameters

In hot stamping processes, temperature and strain rate of the work-piece material are
related to the forming speed and temperature evolution resulting from the non-
isothermal feature of hot stamping, which further affect viscoplastic behaviour.
Temperature and strain rate vary in different regions with time during forming,
which results in a variation of material stress-strain behaviour, which can influence
buckling characteristics. Hence, to model the occurrence of flange wrinkling, the

strain rate and temperature evolution determined from the forming speed and initial

14



forming temperature needs to be found and used as the inputs to the viscoplastic

material model.
3.3.1 Strain rate modelling

Strain rate evolution is dependent on forming speed. To calculate the relative strain
rate, the first step is to calculate the strain of work-piece material, especially the
Zone G material, which may experience buckling. In the circular deep drawing
process performed in this study, the flange material normally experiences a
compressive hoop stress, ggg , and a tensile radial stress, a,,,, as shown in Fig. 6(a).
Since only the region (Zone G) that is not in contact with the tool, denoted by the
unshaded region in Fig. 6(a), is of interest for the buckling analysis, the friction
between the work-piece and tool can be neglected. The mathematical expressions of
the stress state, with no buckling, within Zone G using the Tresca yield criterion are

as follows.

oy = ofln(b/7)
{ (16)

Ogp = af[ln(b/r) - 1]

where oy is the material flow stress, b is the work-piece outer radius, and r is the

instant radius of an infinitesimal unit.

According to Eq. (16), the magnitude of the compressive hoop stress is maximum at
the outer radius of the work-piece. The hatched arc regions in Fig. 6(a) represents an
infinitesimal fibre located at the outer radius of work-piece at different time moments
suggesting that the wrinkling initiates here. Therefore, the strain and strain rate of
this region at a given time are used as input parameters to the material model.
Furthermore, the radial stress on the material at the outer radius is zero, so that only
the stresses in the hoop direction need to be calculated. These features allow the
analysis to be simplified by treating the region at the outer radius as a fibre being
compressed uniaxially in the hoop direction as suggested by Baldwin et al. [28]. In a

15



uniaxial compression, as the angle 6, is fixed. Then, the strain can be defined as
e = dr/r, then the strain rate is the rate of change of the radius divided by the
instantaneous radius, which is a function of time, as given in Eq. (17). The total
strain is then found by integrating the strain rate with respect to time in Eq. (17). This
integration enables to find the true strains using the ram speed, which aims to
establish a relationship between actual forming process and material stress-strain
curves.

(bt gt 19T
e=[ édt=[; ST dt
_ 1 ar®

r(t) ot

(17)

where t is the time.

b 0
w\&'\*‘\
1
‘. i
ool
ri(th)

(a) Stress state of flange region
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Zone V

(b) An instant during forming
Fig. 6. Zoning of work-piece material during forming

The strain and strain rate in Eqg. (17) can be found by considering the forming speed
of the work-piece. In the experiments and model, a constant forming speed was used.

The press stroke varies linearly with time and can be calculated using Eqg. (18).
s=vt+s, (18)

where s is the stroke, s,is the stroke at t = 0, and v is the forming speed of the

punch, which is a constant and same with the parameters in the experiments.

The geometry of formed part at an instant moment during deformation is shown in
Fig. 6(b) and the flange outer radius can be expressed in terms of the forming speed
and time. Since the material undergoes plastic deformation for the majority of the

deformation process, the work-piece is assumed to have a constant volume, which

17



enables the radius to be found from the initial volume using the following equation.

Subsequently, the strain and strain rate can be calculated.
V0=H'7T'(T02)=VI+V11+V1H+Vlv+VV (19)

where V' is the volume, H is the thickness, the subscript O denotes the initial value
and the subscripts 1, I1, I11, IV, and V denotes the zones classified in Fig. 6(b). The
volumes of the individual zones in Fig. 6(b) are defined by the following equations
by assuming that the thickness H of the work-piece is constant which enables to
simplify the calculation significantly. The constant thickness assumption that is
commonly used [11, 16, 29] for wrinkling analysis, is believed to be acceptable in
this study based on two reasons, firstly, the strain rate variations due to the change in
thickness has limited effects on the material stress-strain behaviours. Secondly,
flange wrinkling normally initiates at the early stages of deep drawing, where severe
thinning and deformation have not occur. In practical experimentations, for a fully
deep drawn part with a draw ratio 1.8 using a flat blankholder (a = 0), the minimal
and maximum thickness were 1.38 and 1.88 mm respectively, for a temperature of
350 °C, speed of 300 mm/s and blank holding force 10 kN. Hence, the effect of
thickness variation when wrinkling occurs can be neglected and the constant

thickness assumption is reasonable to be used to simplify the calculation.

V, =nH (riz —(rp + RD)Z) (20)
Vi = H((m? — 2m)R3 + m?Rp(rp + Rp)) (21)
Vi = 2nrpH(s — Rp — Rp) (22)
Viy = H2nR3 + m?Rp1y,) (23)
Vy = mHr? (24)

where 7, , Rp, 1, and Rp are radii defined in Fig. 6(b) consistent with the

experimental tool dimensions as shown in Fig. 1(b).
18



Upon inspection, the only volume terms that depend on time are V; and V,;;, while
others are constant. Then, combining Egs. (18), (20) and (22), the relationship
between the instantaneous radius and forming speed can be obtained by combining
Egs. (18), (20), and (22) to form the following expression.

r(t) = \/(rp + RD)2 + % [C — 2n7,H(v1)] (25)
where C is defined as follows,
C = VO - [VII + VIV + VV + ZHTPH(SO — RD — RP)] (26)

Differentiating Eq. (25) with respect to t gives the following equation.

or(t) _ rpv (27)

ot \/(rp+RD)2+%[C—2nrpH(vt)]
The strain rate of the fibre at the outer layer, €, in terms of time can be obtained
using Egs (17) and (27).

. lar(t) — rpv
r ot (rp+RD)2+#[C—2m‘pH(vt)]

(28)

The rate of change of the radius, dr(t)/dt, is negative as the material is undergoing
compression. This leads to the strain rate in Eqg. (28) being negative to signify
compressive strains, however we presented the magnitudes of these variables in our

results.

Integrating Eq. (28) with respect to time gives the strain of outer layer of Zone G.
E=¢g + %ln (% + (rp + RD)2 - Zert) (29)
where g, is the initial strain which is set to 0 in this study.

The magnitudes of strain rates and strains from Eqgs. (28) and (29) are input in the

material model and the buckling analysis in the later sections. As seen in Fig. 6(b),

19



the variables 7,,, 73,, Rp, and Ry, are dependent on the tool and these are set to be 50

mm, 40 mm, 10 mm, and 10 mm respectively. The value of s, was determined from

the existing experimental set-up.
3.3.2 Temperature evolution modelling

The hot stamping process is non-isothermal which leads to heat being transferred
from the hot work-piece to the cold tools. Additionally, the mechanical properties of
aluminium alloys are sensitive to temperature changes. Therefore, the temperature
evolution of the material and the temperature effect on the material properties need to

be modelled.

The temperature distribution can be described by the energy conservation equation,
assuming no mass transfer, radiation, and heat generation, which is given as follows:

T _ Kk

aT 2
= VT (30)

where T is the temperature, k is the thermal conductivity, p is the density of the

material and c,, is the thermal capacity of the material.

As can be seen in Fig. 7, the part of the work-piece over a groove does not contact
the tool and the heat transfer between the blankholder and the work-piece will be
most significant at the contact surface. Hence, the heat transfer can be simplified to a
one-dimensional system by assuming that the heat is transferred through a single
path, firstly in the horizontal direction from the centre of the work-piece to the outer
region then vertically from the work-piece to the blankholder. The heat transfer
between work-piece and die at Zone G is assumed to be zero compared with that
between work-piece and blankholder as the contact pressure is small. Hence, only
half of the model is shown in Fig. 7, and the heat transfer paths are illustrated by the
red arrows. Due to the axisymmetric geometry feature of tool design and the

simultaneous contact between work-piece and tools, the heat transfer in the radial

20



direction can be neglected for the simplicity of calculation due to the ignorance of air

convection and uneven tool surface.

TjVPVer  TWPHor TVEHor Heat flow direction Qi
I
I — |

T:\I}VP,VE?‘ \\
Die
I |\, Surface Work-piece \
|
| i
| Q 2
' y
Blankholder
g

Fig. 7. Schematic diagram of heat transfer between work-piece and tool within one

unit (Tool: two surfaces and one groove)

By simplifying the heat transfer into a single path, the differential equation can be

simplified as follows.

oT 2T
5= B3z (31)

Where s denotes the distance of the heat transfer and

B =k/pc, (32)

The finite difference method was used to solve the partial differential equation, Eq.

(31). The difference scheme is shown in Fig. 8.
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Fig. 8. Definition of regions used for the finite difference calculations

In this study, the backward time-centred space difference scheme, as used in [30],
described by Eq. (33) was used.

t_mt—At t
e ZT-‘;*THAS +0(a) +0(AtY)  (33)

where O are the truncation error. Neglecting the truncation errors and higher orders,

Eq. (33) can be rearranged as:

“AtTt e (1 n 2a At) Ts aAtT L pe = Tst_At (34)

N

From Eq. (34), a matrix for the temperature evolution can be constructed.
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-k * * * * * * E [ Tlt ] _Tlt_At_
a b, ¢ 0 = 0 0 0 o || ¢ TiAt
0 az by ¢ =~ 0 0 0 o || ¢ Ti-At (35)
MT:=]: : HE : : : : = :
0 0 0 0 - ay2 bya Cy— 0 Ty-2 T3
0O 0 0 0 - 0 ay-1 by-1 con-1||TE_, TioAt
L % * * * * * * * | Tl\tl ] —TI\tI_At-

where the subscripts denote the node number and the coefficients a, b, and c are

given as follows:

__BAt

a=-"5 (36)
_ 2B At

b=1+-"3 @37)
__BAt

C=—"5 (38)

The coefficients in the first and final row of each the matrix in Eqg. (35) were set
based on the boundary conditions. In this study, the blankholder and work-piece
were split into three different regions as illustrated in Fig. 8, which, because of
symmetry, illustrates only half the width of the sector between the surfaces.
Additionally, the assembly is also symmetrical in the vertical direction, and only half
of the blank holder in this direction is illustrated in the Fig. 8. The first region is used
to describe the temperature distribution in the horizontal direction of the work-piece
and this region is denoted by the superscript, WP, Hor. The second region is used to
describe the temperature distribution in the vertical direction of the work-piece,
where the work-piece is in contact with the blankholder and this region is denoted by
the superscript, WP, Ver. The third region is used to describe the temperature in the

vertical direction of the blankholder and is denoted by the superscript BH.

Suitable boundary conditions are needed to determine the temperature distribution of
the work-piece and the blankholder. Firstly, the work-piece is assumed to have a

uniform temperature initially, which is the forming temperature at t = 0. Similarly,
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the blankholder is also assumed to have a uniform temperature, which is equal to

room temperature at t = 0.

For the horizontal trace through the work-piece, due to the symmetry, the
temperature gradient, dT/dS, and the heat flux, Q, defined by Fourier’s equation.
(Eq. (39)) at the right hand end of the work-piece are both zero.

oT
Q=—k= (39)

The temperature at the right-hand end of the horizontal trace is set to be equal to the

temperature of the bottom part of the vertical trace in the work-piece.

Similar to the horizontal trace of the work-piece, the heat flux and temperature
gradient at the bottom of the vertical trace in the work-piece in Fig. 8, are also equal
to zero. The heat flow from the flat die to the work-piece at Zone G in the vertical
direction is neglected due to the low interface pressure between the flat die and the

work-piece.

The bottom face of the work-piece is in contact with the top part of the blankholder
and the heat flux, @, from the work-piece to the blankholder can be described using

the following equation.

Q =h (TWP,Ver _ 7@;—; (40)

Bottom

where h is the heat transfer coefficient.

The heat flux in other regions can also be described by Eq. (40). Lastly, since the
blankholder is sufficiently thick, the blankholder is assumed to be of infinite length
and this is simulated in the finite difference method by setting the length of the
blankholder to be large and setting the bottom node of the blankholder to be constant
at room temperature. The discretised expressions of the boundary conditions are as

follows.
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TZWP,Hor _ T1WP,Hor =0 (41)

T}\I;I/P,Hor _ T1WP,Ver =0 (42)

TZWP,Ver _ T1WP,Ver =0 (43)
TWP,Ver_TWP,Ver

h (TAI;I/P,Ver _ TlBH) — _k( N = N-1 ) (44)
BH_BH

h (TAI;I/P,Ver _ TlBH) — K (1 AtT1 ) (45)

TEH = Room Temperature (46)

The boundary conditions in Eqgs. (41) to (46) were substituted into Eq. (35) for each
of the individual regions and the equation. is solved for every time step to determine
the temperature distribution in the work-piece. The temperatures were then used to
calculate the stress-strain values during deformation. Table 4 gives the relevant
material and thermal properties used in temperature evolution modelling. The
interfacial heat transfer coefficient h is a function of the contact pressure and gap in
the hot stamping process, which is obtained using the method developed specifically

for the process of hot stamping aluminium alloys [31].

Table 4. Relevant thermal properties

Specific heat

) Density p Thermal conductivity k
Material Cp
g/cm3 kW /(mm - K)
J/(kg - K)
Work-piece 2.7 890 170
Blankholder 7.8 502 50.2

3.3.3 Modelled Strain Rates and Temperatures
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Fig. 9(a) shows the computed results of the relationship between forming speed and
strain rate. As can be seen in this figure, the strain rate increases with increasing
forming speed, while, the strain rate increases as the flange material is drawn in. Fig.
9 (b) shows the temperature evolution in both work-piece and blankholder. The
initial temperature of work-piece is 450 °C and that of blankholder is 20 °C. The X-
axis represents the distance between the node and the mid-groove node of hot work-
piece, and two intermediate time stages were selected. The temperature of the work-
piece decreases rapidly as heat is transferred from the work-piece to the blankholder.
This result highlights the importance of accounting for temperature changes in the
analysis. Another interesting observation is that the temperature appears to be
constant across the thickness of the work-piece, as seen by the horizontal line in Fig.
9(b) at the region that corresponds to the vertical temperature distribution, which
suggests that the assumption of treating the work-piece as a one-dimensional system

is valid.

Using the model, evolution of strain rate and temperature of work-piece in different
regions and at different time stages can be calculated and used as the input
parameters for the material model. Hence, the non-isothermal characteristics of the

hot stamping process can be captured.
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(a) Strain rate evolution during hot stamping
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Fig. 9. The evolution of hot stamping process parameters

3.4 Modelling flange wrinkling

The classical energy method was used to establish the buckling model for flange
wrinkling of the Zone G material. The Zone G material can be regarded as a one-
dimensional beam due to the surface of tool texture constraint. As discussed in
Section 3.3.1, the work-piece may buckle at the outer radius of Zone G, which only
experiences compressive hoop stress. Therefore, the region where the wrinkling
initiates can be assumed to be a uniaxially loaded beam and the one-dimensional (1-
D) bucking model using a beam assumption [10] is ideal to determine the onset of

wrinkling.

The Zone G material can be regarded as a piece of beam constrained by two surfaces

at its ends using the 1-D beam assumption. When the compressive hoop stress ayg
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reaches a certain magnitude for a given texture ratio and work-piece draw ratio, the
Zone G material experiences buckling according to the classical beam buckling
phenomenon as shown in Fig. 10(a). The corresponding beam length is 1,6 in the
X-axis, where r,, = (a +1)/2, and the Y-axis represents the buckling deflection
direction. F* is the inner force on a particular cross-section when the beam is buckled
with a deflection §. Zheng et al. has found that the hinged boundary condition is
more accurate to reflect the tool constraint on the Zone G material [32]. The Senior’s
energy method [10] is reviewed and applied in this section to analyse the occurrence

of Zone G material buckling.

(@) Schematic diagram of beam assumption (b) Hinged boundary condition

Fig. 10. Schematic of assumed beam stresses and the hinged boundary
condition [32].

The mathematical expression of the deflection using the hinged boundary condition
is given by Eq. (47) satisfying the conditions for the two ends of this assumed beam

that: when x = 0 and x = r;,,0;; y(x) = 0 and y" (x) = 0.

y = dsin(mx /1) 47
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where [ is the length of a half-wave segment in Eq. (48) with a wrinkling number n,
which is assumed as 1 within one unit.

l=06s1,/2n (48)

According to Senior’s Euler energy method, the critical condition for buckling is
when the energy used to balance the work (AT) done by external force is equal to the
lateral elastic bending energy, E, and the remaining energy, Ep, resulting from tool

clamping between punch and die. The limit condition of buckling onset is:
Ey of a half-wave segment of deflection is calculated using Eqg. (50):

L d?y?)?
By =3 Iy Bl (GF) (50)

where E,. is the reduced modulus proposed by Von Karman to reflect the buckling
behaviour in the plastic range given in Eqg. (51), I is the second moment inertia

I = ft3/12, where f = r — a representing the width of flange material.

4EE;

Er=——=
(VE+/Er)
(51)

where E; is the material tangent modulus. Substituting Egs. (47), (48) and (51) into

Eg. (50), the expression of E can be written as:

__ 2n3E.16%n*

Ep = (52)

3.3
0crm

The remaining energy Ep is calculated using Senior’s lower limit methods and given
in Eq. (53).

Ep = [, Jy fadydx (53)
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where g simulates the tool clamping of inner flange periphery between punch and die.

In Senior’s research, the deflection at the mean radius of the flange is proportional to
the load as given in Eq. (54) [10]:

— caf® (54)

T 8El
where c is a constant.
Substituting Egs. (47), (48), and (54) into Eq. (53), the expression of Ep is given as:

— fK(SZGGTm

Ep =1 (55)
The work done by the external load, AT is calculated as follows:
AT = gggft- A (56)

where A represents the moment of load during bending calculated using Eq. (57).

IR %
=22 dx (57)
Combining Egs. (47), (48) and Eq. (57), and substituting them into Eq. (56), the
detailed expression of the work is given as follows:

né?m?

ZGGTm

AT = O'ggft

(58)

Then recalling the onset condition of flange wrinkling and substituting Egs. (52),
(55), and (58) into Eq. (49), the detailed expression of the onset condition of plastic

buckling in hot stamping condition using hinged boundary condition can be rewritten

as.
orln(2r/(r+a)) ([t 2 ) 4n?n2(r—a)? 02(r+a)? _

Ey (f) ( 3602(r+a)? 24m2n2(r—-a)2) 0 (59)
Sl—D(o-fl ET‘) - Gl—D(b’ r, t, f, a,n, HG) =0 (60)
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where:
Sl—D(afr Er) = af/Er

Gl—D (r; tr f; a,n, HG)
B (t)z Am’n?(r — a)? 0%(r + a)?
\f 302(r+a)?  24m*n%(r—a

)2>/ln(2 r/(r +a))

3.5 Flange wrinkling determination

According to the onset condition of buckling (Eg. (59)), in addition to the geometry
of tool texture and work-piece dimension, the occurrence of flange wrinkling is also
related to the material strength, o¢/E,., which is dependent on the strain rate and
forming temperature. During the hot deep drawing process, strain rate, and
temperature vary with time, as modelled in Section 3.3. Therefore, the corresponding
parameters, for different stages in the buckling model, need to be obtained to predict
flange wrinkling. In this paper, a simple and approximate method [28] is used to
establish the relationship between forming and material constitutive equations as
shown in Fig. 11. As the flange material experiences the largest compressive stress at
the outside edge, wrinkling is assumed to initiate here. A thin slab experiencing
uniaxial compression is adopted. In addition, the geometry shape of this piece of
material is unchanged and flange material experiences uniform deformation due to
the isotropic feature of HFQ® process [8]. Thus, the strain of the material at a given

time is determined analytically from Eq. (17) based on the previous analysis.

During a period from t* to ti*1, the radius of Zone G material varies from r to ri*1
as shown in Fig. 11(a), the corresponding uniaxial strain can be calculated using Eq.
(29), and then the relationships between the work-piece position during drawing and

the material strength properties at an instant time can be determined.

To revert a little, Fig. 11(b) shows the fitting of CDM material model developed in
Section 3.2 at different temperatures and strain rate 1/s, where the symbols represent
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the experimental data obtained from high temperature uniaxial tensile tests [25], and
the solid lines represent results from the material model. The tangent modulus E}*!
for different strain at a given strain rate and temperature can be calculated using Eqg.
(61).

l+1_o-l

i g
Eé“ = it (61)

Work-piece radius reduction
. pi_ it
Altl= ——— X 100%
T

[3 t
fean[22L
e r(t) dt

o

o

£= r(t) ar
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Fig. 12. The flow chart for determining flange wrinkling

Fig. 12 illustrates the complete calculation procedure for determining buckling in the

Zone G material. The steps are:

(1) Input all the necessary initial conditions and a time increment AT. In this
work, At is 0.0001.

(2) Calculate the instant radius r*, strain rate €. and strain . using the modelling
in Section 3.3.

(3) Calculate the temperature distribution of Zone G material, in this paper, the
temperature of centre node of Zone G was selected to represent temperature
input of material model.

(4) Calculate the stress-strain curve of material model using the temperature
input and strain rate £, , and calculate the reduced modulus E,
correspondingly.

(5) Determine the wrinkling occurrence using the 1-D buckling model function.
If wrinkling occurs, then output critical radius reduction and proceed to the

next draw ratio; If not, return to step (1).

4. Results and Discussion
4.1 Experimental validation

In Fig. 13, a comparison of experimental with calculated values of work-piece radius
reduction against draw ratio, for different texture ratios, temperatures and forming
speeds, are presented. Different tool texture designs are indicated by the shape of the
symbols, where the square symbol indicates « = 3 and the circle symbol indicates
a = 5. In addition, solid symbols represent un-wrinkling experimental results that
and hollow symbols represent wrinkling experimental results. The solid lines

represent calculated critical conditions of wrinkling. The region above the solid line
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indicates the wrinkling zone and the region below it indicates no wrinkling. The solid
line is referred to as the wrinkling line. As can be seen in Fig. 3(c) and (d), for a
wrinkled part, wave wrinkles can be observed on the flange. The wrinkling
occurrence was defined when the amplitude of wrinkles reached 1 mm for the

experimental results.

As can be seen from Fig. 13(a) to (d), for a given tool texture design, the developed
analytical buckling model allows the occurrence of wrinkling to be predicted.
Moreover, for different forming temperatures and speeds, the computed critical
wrinkling conditions can predict the flange wrinkling with a reasonable error range.
Such an error might be caused by the definition of wrinkling occurrence in
experimentations and measurement of radius reduction. Experimental wrinkling
points are above the wrinkling line, while points for non-wrinkling are below. It
should be noted that it is impossible to capture the exact experimental point
representing the onset of wrinkling experimentally as this requires precise control of
the press stroke that is unachievable with the available equipment. Although the
onset of the wrinkling cannot be observed directly from the experiments, some of the
results of this study show that the predictions are fairly accurate. The fact that most
of the wrinkling points lie above the predicted values, suggests that the model is

relatively conservative.

The model developed in this study provides an analytical method for hot stamping
aluminium alloys to calculate and determine the flange wrinkling using macro-
textured tool designs. Although some simplifications have been made in the
modelling process, this work has a huge potential to be further improved to increase
its accuracy; this can be done by relaxing several assumptions made in this study or
using a more accurate model to determine the buckling criterion. The work can also
provide current tool designers with a robust technique to predict wrinkling in hot

stamping processes.
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Fig. 13. Comparison of results from the buckling model (solid lines) and
experimentation (symbols). The square symbol indicates « = 3 and the circle symbol
indicates & = 5. Solid symbols represent un-wrinkling experimental results and

hollow symbols represent wrinkling experimental results
4.2 Process parameter effects

Unlike the elastic-plastic behaviour of the work-piece material in cold forming
processes, the viscoplastic mechanism dominates the work-piece material
deformation in hot stamping. This results in forming temperature and speed affecting
mechanical properties of the work-piece and resistance to wrinkling, in addition to
tool texture geometry and initial work-piece dimension. Fig. 14 shows in detail
effects of process parameters on the occurrence of flange wrinkling using the
predicted results of the validated buckling model. As the material strength varies
with temperature, the forming temperature also affects the resistance of flange
wrinkling. Fig. 14(a) shows the effects of forming temperature on the critical
condition of wrinkling. For a fixed forming speed of 300 mm/s, resistance to
wrinkling increases with increasing initial forming temperature. The reason is that,

the magnitude of stress term in the 1-D buckling model, o¢/E;. , is greater at higher

temperatures, as the geometry term G,_p is unchanged, hence, wrinkling

phenomenon can be delayed by using higher forming temperatures.

Similarly, resistance to wrinkling can also be increased by increasing forming speed.
The reason is believed to be similar to the effects of forming temperature. As the
strain rate increases with increasing the forming speed, the work-piece material
strength increases with forming speed. Therefore, for the same tool design and initial
work-piece dimension, for a particular work-piece material, such as AA6082 used in
this study, the magnitude of stress ratio of/E, term may become greater with
increasing forming speed, which causes resistance to wrinkling to be enhanced. It

should be noted that, with regard to hot stamping, due to the viscoplastic properties
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of the work-piece the stress term of/E,. is determined by the particular grade of alloy

as different alloys exhibit different strain hardening and strain rate hardening

behaviour at elevated temperatures.

In addition, the effects of initial work-piece draw ratio on the wrinkling occurrence
are shown in Fig. 14, the greater the draw ratio, the lower the resistance of wrinkling.
This is because the greater draw ratio represents a greater area of the unconstrained
Zone G material, hence wrinkling is prone to occur according to Eq. (59). This is

similar to what arises in cold stamping processes, as demonstrated by Zheng et al.
[32].
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Fig. 14. Effects of process parameters on the wrinkling occurrence for a given tool

texture design: @ = 3
4.3 Texture ratio effects

Both forming temperature and forming speed affect resistance to wrinkling, but the
ability to alter wrinkling occurrence using them is limited as the wrinkling process is
significantly more sensitive to the texture geometry. Fig. 15 shows the texture ratio
effects on the onset of wrinkling at a forming speed 300 mm/s for different work-
piece draw ratios at a forming temperature 350 °C. As can be seen in this figure, the
resistance of wrinkling increases significantly with decreasing the texture ratio. This
observation can be explained as follows. For a smaller texture ratio, the
unconstrained Zone G sector becomes much smaller, increasing the magnitude of the
geometry term G, _p, in the 1-D buckling model to greater than the stress term of /E;..
Hence, wrinkling does not occur easily. The slight flange wrinkling was initiated

when the work-piece is drawn at a large radius reduction, which can be eliminated by
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the tool ironing and has no effect on the material drawn in as is shown in Fig. 3(a).
This slight wrinkling is believed to be caused by the viscoplastic behaviour of
material, as can be seen in Fig. 11(b), at elevated temperatures, when the strain
reaches a certain magnitude, the softening phenomenon dominates instead of the
strain hardening at room temperature, which results in the dramatic decrease of

tangent modulus E; as well as the reduced modulus E,. Recalling the wrinkling
determination equation, Eq. (59), the stress term Sl_D(af,Er) becomes smaller and

wrinkling is prone to occur. On the contrary, for a larger texture ratio, wrinkling
occurs when the work-piece is drawn slightly into the die, and this early occurrence

of flange wrinkling can be developed severely with a further work-piece material

drawn in.
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Fig. 15. Effects of texture ratio on the wrinkling occurrence at a forming speed 300
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5. Conclusions

The study described in this paper is an investigation of the use of radially grooved,
macro-textured tool surfaces in the hot stamping of aluminium alloy. The
experimental results show that flange wrinkling occurred in the hollow regions of the
texture when the relative groove width reached a certain magnitude for a given
process condition. To study this phenomenon, a high-temperature buckling model
was constructed, utilising a novel viscoplastic material model for aluminium alloy,
which enables the prediction of the onset of wrinkling for different tool texture
geometries and different forming conditions. The non-isothermal feature of hot
stamping process is captured in this buckling model. The predicted results have
shown that, for AA6082, increasing the forming temperature and decreasing the
forming speed can enhance the resistance of flange material to buckling but the
improvement is relatively modest. Texture ratio and initial work-piece draw ratio are
the dominant factors affecting the occurrence of wrinkling. The validated robust

buckling model can be a guide for the design of tool features.
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Highlights

e Anadvanced and analytical buckling model for flange wrinkling in the hot stamping
processes of aluminium alloys with macro-textured tools were established the first time.

e The non-isothermal feature of hot stamping process was modelled.

e Hot deep drawing experiments using macro-textured tool surfaces were performed to validate
the developed high temperature buckling model.

e The relationships between process parameters and tool textures and flange wrinkling

occurrence were analysed.
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