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Abstract: The stretch flanging process is significantly affected by various geometrical, material and process parameters. The
punch-die clearance and initial flange length are main parameters which have major effects on the edge crack location and strain
distribution along die profile radius in the flange. Non-axisymmetric stretch flanging process of AA-5052 sheet metal blanks was
carried out by numerical simulation to predict the deformation behavior of flange, location and propagation of crack in flange and to
investigate the effect of punch die clearance, flange length, die and punch profile radius and friction in the stretch flanging process.
The experimental investigations were made to validate the simulations results. The results reveal that the crack length increases with
the increase in the flange length. It is found that the flange length has a significant effect in circumferential direction as compared
with the radial direction. The punch die clearance has the most significant effect in crack propagation in comparison with flange
length. The circumferential strain is found to be larger in the case of punch having the profile radius less than the die profile radius,
which leads to faster edge crack propagation. A close agreement is found between simulation and experimental results in terms of

location of edge crack and forming load.
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1 Introduction

The flanging is one of the most important sheet
metal forming processes, which is generally used in
automobile industries and many fabrication industries. It
is used to make the smooth rounded edge, higher rigidity
or strength at the edge of sheet-metal parts. The flanging
is classified as shrink and stretch flanging on the basis of
deformation behavior involved in the process. In shrink
flanging process, the curvature of flange is convex and
metal remains in compression along the circumferential
direction. The arc length of final flange is smaller than
that of the original element. In the stretch flanging
process, the curvature of flange is opposite to shrink
flanging, i.e., the curvature of flange is concave and
sheet metal undergoes tension in circumferential
direction. The feasibility of any sheet metal forming
process depends upon various geometric, material and
process parameters. In order to obtain defect-free

products, these parameters need to be optimized. This
makes the process successful without causing failure in
the form of necking, wrinkling and fracture. In recent
years, it has become easier to predict such type of defects
with finite element simulation at low cost and time,
which is involved in the experimental investigations.
Many researchers, in the past, have made lots of
investigations in the area of failure analysis in different
sheet metal forming processes using finite element
simulation. BRUNET et al [1] predicted necking in
square cup deep drawing process using the modified
Gurson’s model. TEIXEIRA [2] coupled the Hill’s
orthotropic plasticity criterion with Lemaitre’s ductile
damage model and implemented it in the ABAQUS/
Explicit code for the prediction of fracture in sheet metal
forming process. LI et al [3] applied the Mohr—Coulomb
fracture criterion in deep drawing process of AHSS using
circular and square punch for prediction of shear induced
fracture in terms of crack initiation, propagation and
location of cracks. WU et al [4] predicted the failure in
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deep drawing of nickel sheet using continuum damage
mechanics approach. NGUYEN et al [5] used forming
limit diagram ductile fracture criteria in deep drawing of
steel plate cold rolled commercial grade (SPCC) material
for prediction of wrinkles and fracture by FE simulation.
KACEM et al [6] predicted necking, damage, fracture
and limit in hole flanging process using a macroscopic
ductile fracture criterion. WANG et al [7] investigated
wrinkling effect in the shrink flanging process by using
energy approach based on the stress-based criterion. HU
et al [8] proposed an analytical model for introflexion/
stretch and outcurve/shrink flange process considering
the effect of planar anisotropy. DUDRA and SHAH [9]
used stretch flanging model to a closed form solution for
the axisymmetric case and FEM for non-axisymmetric
case to find the trim line and peak strain. BAO and
HUH [10] proposed a one-step analysis method to find
out the feasible trimming line to obtain a precise final
part shape after flanging. An equivalent 2D FEM was
developed by WANG et al [11] to study the effect of
various materials and process parameters in the stretch
flanging of V-shaped blanks. LI et al [12] made further
investigations in the stretch flanging process of V-shaped
metal blanks and carried out elastic-plastic large
deformation FEM. YEH et al [13] found optimum blank
shape by using forward-inverse prediction scheme in the
stretch flanging process, which integrates explicit
dynamic FEM, true strain method and adaptive-
network-based fuzzy inference system. WANG et al [14]
developed an approximate theory and failure criteria for
shrink and stretch flanging process and implemented it in
a computer program. ASNAFI [15] made analytical and
experimental investigations to study vertical stretch and
shrink flanging of sheet. WORSWICK and FINN [16]
carried out explicit dynamic finite element simulation of
stretch flange forming operations utilizing various
quadratic and non-quadratic yield criteria. FENG
et al [17] studied the stretch flanging process and
recommended small flange height and small ratio of
straight side length to the curved range radius to avoid
fracture at edge of flange. A multi-scale finite element
damage percolation model was employed by CHEN
et al [18] to simulate stretch flange forming of AA-5182
and AA-5754. A lower bound damage-based model was
proposed by BUTCHER et al [19] for prediction of radial
and circumferential cracks in stretch z-flanges of
AA-5182. The continuum mechanics-based approach
was developed by SIMHA et al [20] for prediction of
radial and circumferential cracks in AA-5182 stretch
flanges on the basis of extended stress-based forming
limit curve.

In the present work, the finite element simulation of
non-axisymmetric stretch flanging of AA-5052 sheet
metal blanks was carried out using ABAQUS/Explicit

software. The effects of geometric parameters such as
punch-die clearance, initial flange length, punch & die
profile radius and friction were presented in terms of
circumferential strain, radial strain and crack location in
the flange. The crack initiation in the flange and its
propagation with respect to punch displacement were
studied extensively in terms of damage distribution. A
number of experiments are performed to validate the
simulation results.

2 Mechanical properties of material

The mechanical properties of aluminum alloy
Al-5052 sheet were evaluated as per standard methods of
tension testing method ES/ESM-11 ASTM by DAVIS
et al [21]. The tensile specimens were tested on a
computerized UTM (INSTRON) at a strain rate of
0.16667 s' along the rolling direction at room
temperature. The true stress—strain curve obtained from
tensile test is shown in Fig. 1. The chemical composition
and mechanical properties of AA-5052 are provided in
Tables 1 and 2, respectively.
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Fig. 1 True stress—strain curve for AA-5052

Table 1 Chemical composition of AA-5052 (mass fraction, %)

Si Fe Mg Mn Cu
0.122 0.196 418 0.077 0.0362
Cr Ni Zn Al
0.167 0.004 0.044 95.700

Table 2 Mechanical properties of AA-5052

Mass density/ Elastic modulus/
(kgm ) GPa

2680 70.3 0.33

Poisson ratio

3 Finite element simulation

The finite element simulation of stretch flanging
process was performed using commercially available
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software ABAQUS/Explicit [22]. AYARI et al [23] used
similar approach using ABAQUS for FEM simulation of
square cup drawing process. The finite element
discretization of components of stretch flanging set up is

shown in Fig. 2.

Blank-hold
ank-hotder Blank sheet

Fig. 2 Finite element discretization of non axi-symmetric
components of stretch flanging set up

The rectangular sheet metal blank (120 mmx25 mm)
having thickness of 0.5 mm was considered in the
present study. A gap of 0.1 mm was provided between
the blank-holder and the top surface of the sheet to avoid
initial penetration during contact. The punch, die and
blank-holder were considered as a rigid body and the
sheet was considered as a deformable body in the
simulation process. The rigid bodies were modeled as
rigid surfaces in the simulation using 4-node bilinear
quadrilateral discrete rigid 3D (R3D4) elements having
three translational degrees of freedom. The punch was
modeled with 1738 elements and 1765 nodes. The
blank-holder was modeled with 5883 elements and 5958
nodes and the die with 1283 elements and 1356 nodes.
The rectangular sheet was modeled with 3D (C3D8R)
8500 elements and 17442 nodes in a single layer. The
number of elements and nodes was varied for each case.
The ductile and shear damage criteria were considered
for isotropic hardening in the finite element simulation.
The failure of flange was predicted by defining the
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damage initiation criterion as a function of equivalent
plastic strain. The damage evolution feature with element
deletion technique was defined to predict the initiation
and propagation of crack in the flange. The crack
initiation took place when ductile damage parameter (D)
became unity. The complete process of simulation was
carried out in a number of small incremental steps. A
mass of 1.1 N and a load of 20 kN at reference nodes
were applied to blank-holder. The blank-holder was
allowed to move in vertical direction to accommodate
changes in blank thickness. The coefficient of friction
was considered as 0.1 between contact surfaces. The die
was fixed in all directions and the sheet was considered
as a free body which was controlled by the contact
boundary condition. The movement of punch was
defined using a pilot node to obtain the punch force. The
punch was allowed to move vertically downwards and
restrained in all other directions. The evaluated
mechanical properties of material were used in the FEM
simulation. Figure 3 shows the variation of stress during
formation of flange in various stages of punch
displacement (u).

4 Experimental

In order to validate the results of finite element
simulation, experimental results of stretch flanging
process are obtained using hydraulic press equipped with
a load cell of 2 kN. The experimental tool set up used in
the present study is shown in Fig. 4. The tool setup
comprises of punch, die and blank-holder with a
rectangular sheet metal blank. The experiments were
carried out by clamping the work piece between
blank-holder and die by using four bolts of M10 size. A
constant blank-holder force of 20 kN was applied during
the tests by tightening the bolts with mechanical torque
wrench. A constant rate of displacement 10 mm/min was
applied to punching for formation of flange over the die.
The punch displacements and punch load were
continuously recorded in a data acquisition system. The
experimental results are obtained considering similar
geometrical and process conditions as that for simulation

Mises stress/MPa

Fig. 3 Stress contour generated in flange at different punch displacements: (a) #=1 mm; (b) =3 mm; (c) ¥=5 mm; (d) =6 mm;

(e) u=10 mm; (f) =20 mm
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Fig. 4 Experimental tool and workpiece
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for validation. The FEM simulation results are compared
with the experimental results in terms of load—
displacement curve and location of crack in the flange.

5 Results and discussion

5.1 Validation of simulation results

The results of simulation are validated with
experimental results in terms of edge crack location, and
load of forming in terms of load—displacement curves.
5.1.1 Comparison of edge crack location

To validate the predicted crack location by finite
element simulation, the experiments were conducted at
different punch die clearances of 1.0, 1.5, 2.0, 2.5 and
3.0 mm. The comparisons of edge crack location by
simulation and experimental study at different punch-die
clearances (c) at flange length of 30 mm are shown in
Figs. 5 and 6. It is found that crack initiates from both
ends and propagates toward center of the sheet along die
profile radius in all cases. The length of propagation of
crack decreases with increase in punch-die clearance.
The maximum crack length is observed at ¢=1.0 mm
while the minimum crack is observed at ¢=3.0 mm by
simulation as well as experiment. The simulation results
suggest that the smaller the punch-die clearance, the
higher the circumferential strain which leads to edge
cracking along the die profile radius.

Figures 7 and 8 show the comparison of FEM
simulation and experimental results in terms of edge
crack location and its propagation in the flange. These
are presented with flange lengths (L) of 20, 30 and
40 mm at punch-die clearance of 1 mm to find out the
effect of flange length on crack. It is found that the crack
originates from both ends along die profile radius in all
cases. The crack length increases with the increase in

(d) ©

Fig. 5 Edge crack location in flange at different punch-die clearances by simulation: (a) c=1.0 mm; (b) ¢=1.5 mm; (¢) ¢=2.0 mm;
(d) ¢=2.5 mm; (e) ¢=3.0 mm
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(a)

(e)

Fig. 6 Edge crack location in flange at different punch-die clearances by experiment: (a) ¢=1.0 mm; (b) c¢=1.5 mm; (c) ¢=2.0 mm;

(d) ¢=2.5 mm; (e) ¢=3.0 mm

(a) (b) (©)
Fig. 7 Edge crack location in flange with different initial flange
lengths by simulation: (a) L=20 mm; (b) L=30 mm;
(c) L=40 mm

(a) b ©)

Fig. 8 Edge crack location in flange with different initial flange

lengths by experiment: (a) L=20 mm; (b) L=30 mm;
(¢) L= 40 mm

initial  flange length because of increase in
circumferential strain, which, in turn, leads to edge crack
along die profile radius. A good agreement is found
between simulation and experimental results in terms of
crack length in flange.

5.1.2 Comparison of punch load

Figures 9—11 show plots of punch load vs punch
displacement with flange lengths of 20, 30 and 40 mm
respectively considering punch-die clearance of 1 mm. It
is found that punch load increases with the increase in
punch displacement (until the sheet does not incline by a
certain amount). The maximum increase in punch load is
found between 5 and 8 mm of punch displacement,
which signifies that initial unbent or un-deformed portion
of sheet requires higher load to bend the sheet along die
profile radius. Further, the displacements of punch cause
decrease in the punch load which is due to the sliding of
punch over sheet or initiation of crack in sheet at the die
corner. After the punch displacement of nearly 10 mm,
punch load decreases gradually due to complete
propagation of crack or sliding of punch over the flange.
The same behavior is observed for all flange lengths. The
simulation and experimental results suggest that higher
punch load is required to form the flange in case of
higher flange length. Figures 9-11 show a close
agreement between simulation and experimental results.
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Fig. 9 Punch load—displacement curves for initial flange length
of 20 mm
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Fig. 10 Punch load—displacement curves for initial flange
length of 30 mm
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Fig. 11 Punch load—displacement curves for initial flange
length of 40 mm

Figures 12 and 13 show the deformation behaviour
of sheet at punch displacements of 5, 10, 15 and 20 mm
with flange length of 20 mm. The crack initiation takes
place in the sheet at the punch displacement of 5 mm by
FEM simulation when the ductile damage parameter
becomes unity while it starts, nearly, at punch
displacement of 6 mm in the case of experimentatal study.
As the punch moves vertically downwards, the sheet

deforms and forms the flange by following the die profile.
The crack initiation and its propogation in the flange are
depicted in Figs. 12 and 13. The predicted deformation
behavior of sheet is found similarly in simulation and
experiment.

5.2 FEM simulation results
5.2.1 Effect of punch-die clearance

The clearance between punch and die is one of the
most important parameters in the stretch flanging
process, which significantly influences the deformation
behavior of the sheet. The effect of punch-die clearance
is presented in terms of circumferential and radial strain
distribution in flange. The strain distribution is predicted
at die profile radius by defining a meridian path in the
deformed sheet. A meridian path is shown in Fig. 14(a)

(a) (b) (©) (d)
Fig. 12 Comparison of punch stroke between stretch flanging
by simulation with initial length of 20 mm: (a) =5 mm;
(b) u=10 mm; (¢) =15 mm; (d) ¥=20 mm

(a) (b) © (d)
Fig. 13 Comparison of punch stroke between stretch flanging
by experiment with initial length of 20 mm: (a) u=5 mm;
(b) u=10 mm; (¢) =15 mm; (d) ¥=20 mm

(b)

Fig. 14 Path for determination of circumferential strain near crack for flange length of 30 mm
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with flange length of 30 mm and punch-die clearance of
1.0 mm. The path profile consists of total 26 nodes on
right-half portion of the flange starting from the 1st node
at edge to the 26th node at center of the sheet.

In the similar manner, meridian paths are defined
for different cases of punch-die clearance. It is found that
circumferential strain reduces along the die profile radius
from edge (1st node) to mid-section (13th node) of sheet
and then increases up to sheet center (26th node). The
maximum and minimum circumferential strains occur at
edge (1st node) and at a mid-section (13th node) of the
sheet, respectively. A plot of circumferential strain vs
distance along profile radius from edge is shown in
Fig. 15 with punch-die clearance varying from 1.0 to 3.0
mm. It is noteworthy that circumferential strain
decreases with the increase in punch-die clearance by
nearly 14% at corner edge (1st node).

0.12
0.101
0.08 1
0.06 -
0.04 +
0.02

Circumferential strain
along die profile radius

ot
-0.02 }

-0.04 s . . . . . s
0 2 4 6 8§ 10 12 14

Distance along die profile radius to sheet center/mm

Fig. 15 Effect of punch-die clearance on circumferential strain

The effect of punch-die clearance on radial strain
was studied and its contour plot is shown in Fig. 16. The
plot between radial strain along die profile radius at
different punch-die clearances (1.0 to 3.0 mm) is shown
in Fig. 17. It is found that radial strain increases along
die profile radius from edge (lst node) to a position
near to mid-section of sheet (11th node) and thereafter, it

I

decreases up to the centre of the sheet (26th node). The
maximum radial strain occurs at a position near to
mid-section (11th node) of sheet and the minimum at
edge (1st node) for all cases. The radial strain increases
at corner edge by nearly 23% with increase in punch-die
clearance from 1.0 mm to 3.0 mm.

5.2.2 Effect of initial flange length

The initial flange length is another important
parameter which significantly affects the formability of
stretch flange. In order to study the effect of flange
length, a meridian path for one of the cases is arbitrarily
chosen along die profile radius. A plot between radial
strain and true distance along die profile radius up to the
sheet center is shown in Fig. 18. It is found that the
maximum radial strain occurs at a position near to
mid-section (9th node) of the sheet while the minimum
radial strain is found at the edge (1st node) of the flange
along die profile radius. The insignificant increase of
nearly 1% is found in the radial strain at the edges with
increase in the flange length from 20 to 40 mm.

The same procedure is adopted to determine the
circumferential strain along die profile radius. Figure 19
shows the variation of circumferential strain with the
flange length. The meridian path method is considered as
shown in Fig. 14. It is found that the maximum
circumferential strain occurs at the edge (node 1) and the
minimum at a position near to mid-position (node 14) of
sheet for flange length of 40 mm. The circumferential
strain increases nearly by 19% at edge (node 1) with
increase in initial flange length from 20 to 40 mm. The
variation in circumferential strain across the sheet is very
large as compared with radial strain.

5.2.3 Effect of punch profile radius

Punch profile radius is another parameter that
affects the edge crack location and its propagation. To
find the effect of punch radius, FE simulation is
performed for punch radii of 1, 2 and 3 mm. The effect
of punch profile radius is presented in terms of variation
in circumferential strain along die profile radius, which is
shown in Fig. 20. The maximum circumferential strain in

. ® e e e

D=
i

(b)

Fig. 16 Path for determination of radial strain near crack for flange length of 30 mm
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Fig. 19 Effect of initial flange length on circumferential strain

the flange with respect to punch profile radius is shown
in Fig. 21. A similar procedure is adopted for obtaining
circumferential strain distribution by observing a
meridian path along the die profile radius. It is found
from Fig. 20 that the maximum circumferential strain
occurs at the edge of the sheet whereas it has negligible
change towards center of the sheet. It is found that
circumferential strain decreases with increase in the

punch profile radius at edge of the sheet. The maximum
circumferential strain is obtained for the minimum punch
profile radius while the minimum circumferential strain
is obtained for the maximum punch profile radius. Figure
21 shows that the circumferential strain slightly
decreases with increase in punch profile radius (R) from
1 to 3 mm. The punch profile radius has a less effect on
crack location and its propagation. Figure 22 shows the
effect of punch profile radius on crack location and
propagation. It is found that crack initiates and
propagates from the edge of sheet to center of sheet. The
maximum crack propagation occurs for the minimum
punch profile radius whereas the minimum propagation
occurs for the maximum punch profile radius.
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Fig. 20 Effect of punch profile radius on circumferential strain
distribution along die profile radius
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Fig. 21 Effect of punch profile radius on maximum
circumferential strain

5.2.4 Effect of die profile radius

Die profile radius (R4) is another geometric
parameter that affects the edge crack location and its
propagation. The effect of die profile radius was carried
out considering die radii of 1, 2 and 3 mm and its effect
is presented in terms of circumferential strain along die
profile radius and the maximum circumferential strain in
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(@) (b) ©

Fig. 22 Effect of punch profile radius on edge crack location

and propagation: (a) Rg=1 mm, R,=1 mm; (b) R~ mm,
R,=2 mm; (¢) Ry=1 mm, R,;=3 mm

flange. Figure 23 shows the variation of circumferential
strain along the die profile radius for different die radii. It
is found that the maximum circumferential strain occurs
at the edge of the sheet whereas the minimum
circumferential strain occurs at center of the sheet. The
maximum circumferential strain decreases nearly by 9%
with decrease in die profile radius from 1 to 3 mm, as
shown in Fig. 24. The maximum edge crack propagation
occurs in the case of the maximum die profile radius as
depicted from Fig. 25. The results reveal that the
circumferential strain is higher in the case of punch
having the profile radius less than die profile radius,
which leads to greater edge crack propagation. Therefore,
a punch having larger profile radius than die profile
radius should be used to minimize the length of crack in
the flange.
5.2.5 Effect of coefficient of friction

The coefficient of friction (x) between contacting
surfaces such as die, punch, blank-holder and blank is the
most important parameters, which influences the
circumferential strain as well as edge crack location and
propagation. In order to establish the effect of coefficient
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Fig. 23 Effect of die profile radius on circumferential strain
distribution along die profile radius
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Fig. 24 Effect
circumferential strain in flange

of die profile radius on maximum

(a) (b) (c)

Fig. 25 Effect of die profile radius on edge crack location and

propagation: (a) Rg=1 mm, R,=1 mm; (b) R;=2 mm, R,=1 mm;
(¢) R=3 mm, R,=1 mm

of friction, a constant blank-holding force of 500 N is
considered for all three cases. Figure 26 shows the effect
of coefficient of friction on -circumferential strain
distribution along die profile radius. The results are
presented in terms of circumferential strain distribution
and the maximum strain in the flange. Figures 26 and 27
show that the maximum circumferential strain increases
with the increase in coefficient of friction, which results
in higher crack propagation. It is found that the
maximum circumferential strain occurs at edge of sheet,
whereas, the minimum is found at the center of the sheet.
Figure 28 shows the effect of coefficient of friction on
edge crack location and propagation
5.2.6 Failure distribution

Figure 29 shows the damage distribution in terms of
ductile damage and shear damage criterion at various
punch displacements. It is found that damage increases
with the increase in punch displacement along a die
profile radius. The minimum failure is found at the sheet
center while the maximum at edge of the sheet
corresponding to each punch displacement. It is found
that, when the punch displacement is 4 mm, the damage
is less than unity and it becomes 1.0, at edge of the sheet,
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at punch displacement of nearly 5 mm. This shows the
initiation of crack in the flange. The damage parameter
remains unity at edge of the sheet for further
displacement of punch, but it increases towards the
centre of sheet results in propagation of crack towards
the center of the flange.

The contours for ductile and shear failure initiation

Circumferential strain
along die profile radius

=0.05 -

_0.10 L L L L L L L
0 2 4 6 8§ 10 12 14

Distance along die profile radius to sheet center/mm

Fig. 26 Effect of coefficient of friction on circumferential strain
distribution along die profile radius
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Fig. 30 Ductile failure initiation criterion distribution by simulation at punch displacements of 5 mm (a), 10 mm (b), 15 mm (c) and
20 mm (d)
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criterions are depicted in Figs. 30 and 31 respectively at
punch displacements of 5, 10, 15 and 20 mm.

Figure 32 shows the damage distribution
considering ductile damage criterion and shear damage
criterion at the center of flange, which is initially free
from the crack for various punch displacements. It is
found that spread of damage increases with increase in
the punch displacement along a path near to die profile

(a) (b) (c)

Fig. 28 Effect of coefficient of friction on edge crack location
and propagation: (a) 4=0.10; (b) #=0.15; (c) ©=0.20
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Fig. 29 Damage distribution along die profile radius from
center to edge
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Shear failure
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Fig. 31 Shear failure initiation criterion distribution by simulation at punch displacements of 5 mm (a), 10 mm (b), 15 mm (c) and

20 mm (d)
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Fig. 32 Damage distribution along path near to die profile
radius from center to edge

radius. Thus, the crack initiation and propagation can be
predicted using the ductile and shear damage criterion. It
shows a crack free zone where damage parameter is less
than unity.

Figure 33 (a) shows relationship between damage
(based on ductile damage criterion and shear failure
criterion) and punch displacement. The damage
distribution is plotted for two different paths, i.e., Path 1
and Path 2, as shown in Fig. 33(b). Path 1 is selected in a
crack free zone while Path 2 is selected near to the crack
zone. The maximum damage obtained at each increment
of punch displacement is depicted in Fig. 33(a). It is
found that for Path 2, damage increases with the increase
in punch displacement initially and it reaches 1.0 at
punch displacement of 5 mm, causing crack initiation in
flange. At further displacement of punch, the damage
remains unity at edges and it increases towards the centre
of sheet (up to unity), which indicates the crack
propagation in the flange. In the similar manner,

1.2
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Fig. 33 Relationship between damage and punch displacement
for different regions along die profile radius (a) and magnified
path along safe zone and along fractured zone of stretch

flange (b)

damage distribution is plotted for Path 1. The damage
increases with the increase in punch displacement from 1
to 5 mm and it attains the maximum value of 0.607,
thereafter, it remains constant for further displacement of
punch which shows a crack free zone in the flange.
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6 Conclusions

1) The crack length increases with increase in initial
flange length due to increase in circumferential strain
which leads to edge crack along die profile radius.

2) The circumferential strain decreases nearly by
14% and radial strain increases approximately by 23% at
edge with the increase in punch-die clearance from 1 to 3
mm. Thus, the punch-die clearance has significant effects
on the crack propagation in the flange.

3) The 19% increase in circumferential strain is
found at the edge when initial flange length increases
from 20 to 40 mm, whereas, a insignificant change
(nearly 1%) is found in the radial strain. Thus, the flange
length has a significant effect on circumferential strain as
compared with radial strain.

4) Higher forming load is required to form the
stretch flange in the case of higher flange length.

5) The circumferential strain  decreases
approximately by 5% and increases nearly by 9% with
the increase in punch and die profile radii respectively at
the flange edge.

6) Punch-die profile radii have significant effects in
a combined manner on circumferential strain and edge
crack propagation. Therefore, a punch having larger
profile radius than die should be used preferably.

7) Circumferential strain increases by 10% nearly
with the increase in coefficient of friction. The greater
the coefficient of friction, the greater the edge cracking
will be and it propagates towards sheet center. Thus,
coefficient of friction also plays a significant role in
distribution of circumferential strain and edge crack and
propagation.
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