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Abstract
Effectiveness of the flanging process depends on geometry of tools, material 

properties, etc. Punch is an important part of looting and its profile geometry 
and clearance with respect to die plays the very important role. In this paper, 
the influence of step punch profiles and gap between the die and the punch 
were studied using FEM simulation and experiments. FEM simulation of 
stretch forming process for aluminum alloy AA5052 was carried out using five 
different punch profiles at 1 mm and 2 mm clearance. Experiments are carried 
out to validate one case of the punch profile and gap. FEM simulation results 
were expressed in this way: strain distribution (direction of die profile radius), 
bending load distribution with displacement of punch, length of cracks, and crack 
propagation. The peak forming load, radial strain, and circumferential strain were 
obtained at least gap in every punch case. The edge crack length reduces with 
increment in clearance between punch and die. The bending load is obtained peak 
value for the two-step punch shape whereas this value is small for the four-step 
punch shape. Strain (radial and circumferential strain) attained higher values in 
two-step punch shape, while these values are the small for four-step punch shape. 
Therefore, a large number of step punch profiles (more stepped punch) is suitable 
for mitigation of cracks length in stretch flanging process (SFP). 

Keywords
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Introduction
Flanging is a more important sheet metal forming process and is one type of 

bending process. The flanging process has established itself as the most significant 
sheet metal forming process. It finds its major applications in the production of 
aircraft and automobile components. The flange portion is used for providing for 
the smoothness, stiffness, and assemblies of the different parts [1, 2]. Generally, 
three cases of flanging process are used in the industries they are known as 
stretch, straight, and shrink flanging. In the realm of stretch flange forming, one 
end portion of the sheet is bent to 90 degree and form the flange curvature with 
concave shape [3, 4]. The flange portion is circumferentially stretched in this 
process along the bend line and cracks occur on the top portion of the flange that 
is shown in figure 1. In the shrink flanging process, one end side of sheet is bent to 
90 degree and form the flange curvature with convex shape. Sheets in the shrink 
flanging process are circumferentially compressed and wrinkles occur in the lower 
portion which is shown in figure 2. In stretch flanging, the highest tension occurs 
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by Hecker’s punch stretching tests method  through FEM 
simulation and experimental one. Akrichi et al. [12] utilized 
technique of deep learning for measuring roundness and devi-
ation in position during SPIF. Hu et al. [13] presented math-
ematical models for contoured flanging process and predicted 
the profile of rolling-stock and trim-line of blank.Yogesh et al. 
[14, 15] studied the influence of binding force and thinning 
and other geometrical parameters in SFP by FEM simulation 
and experiments also. Li et al. [16] proposed a mathematical 
model for assessment of present process FSP (V-shaped sheet 
metal). Kumar et al. [17] predicted length of crack and strain 
distribution in FSP by FEM simulation. Several authors has 
been examined the various types of failure criteria/analysis (i.e., 
fracture, crack, wrinkling, thinning, and ductile failure) in sheet 
metal forming process (deep drawing and stretch flanging pro-
cess) [3-23]. Frącz et al. [24] studied the influence of punch 
geometry in hole flanging process. Many researchers had used 
the different shape of punches in different sheet metal form-
ing processes for different purpose (mitigation of thinning and 
cracks, enhanced the formability, and hole expansion limit) 
[24-28]. It is observed that previous studies pay little attention 
to the influence of profile radius of punch in SFP.

It is found from literature that very little focus is offered 
by researchers on influence of punch shape on deformation 
behaviour of blank in SFP (present process). Deformation of 
blank depends on type of interaction and surface area inter-
action between blank and punch in stretch flange forming. In 
this work, study the influences of step punch profiles and gap 
between the die and punch on characteristics of deformation in 
stretch flange forming using aluminum alloy. Experimental and 
Finite element simulation both are carried for the present work.

Materials and Methods
Material

The properties of mechanical of non-annealed aluminum 
alloy AA5052 was utilized as sheet metal. The material has 
vast applications for various components in automotive and 
aerospace applications. Tensile testing of AA5052 sheets was 
tested as per ASTM E8/E8M-11 on an INSTRON machine 
equipped with computer and data acquisition system. Figure 3  
shows true stress-strain flow curve. Modulus of Elasticity = 
70.3 GPa, Poisson’s ratio = 0.33, and density = 2680 kg/m3 were 
the properties of mechanical of AA5052 sheet metal [17, 19]. 
The same properties were used in the simulation. 

at the top portion of the flange and maximum hoop strain is 
the principal deforming parameter. Sheet encounters failure 
in terms of edge crack due to necking and thinning during 
stretch flanging. Removal of these kinds of defects is possible 
by properly designing of tools for the process through FEM 
modelling and simulation work. The simulation provides a 
solution which is cost effective and less time consuming than 
experimental processes.

A lot of researchers have contributed in the past to fail-
ure prediction for sheet metal forming. Mathematical model 
has been developed by Wang and Wenner [5] for prediction of 
strain-stress distribution in stretch flange forming. The model 
consists of approximate theory and theory of total strain. In 
addition to this, Wang et al. [1] also worked for development 
of analytical model of stretch flanging and predicted the failure 
and wrinkling criteria in terms of strain. Asnafi [6] studied 
fracture limit experimentally and theoretically in shrink and 
stretch flanging by fluid forming process. Hu et al. [7] exam-
ined the effect of  anisotropic characteristics of material in vari-
ety of processes related to sheet forming. Feng et al. [8] studied 
the effect of geometrical parameters (radius of curvature range, 
flange height, and curvature radius of punch) in stretch curved 
flanging and proposed that use of punch with lesser radius 
than that of die results in ineffective deformation. Dewang et 
al [9] is one of those who pioneered the SFP using FEM sim-
ulation. Wan et al. [10] studied the influence of  forming per-
formances in flexible stretch-stamp forming process. Mac et al. 
[11] predicted the forming limit curve of steel DP350 sheets 

Figure 1: (a, b and c) Non-axisymmetric stretch flanging (without hole 
flanging) process with cracks and (d) axisymmetric stretch flanging (with 
hole flanging) process [18, 19].

Figure 2: Shrink (convex) flanges with wrinkles.

Figure 3: True stress-strain curve for aluminum alloy AA5052.
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Assessment of peak bending force

This force can be evaluated by applying the following for-
mula [3, 17, 19, 29].

2*( )* *
Maximum Bending Force (F) bfK UTS W t

D
 

=   
 

   	        (1)

Where, Kbf = Constant (this constant value varying with types 
of bending operation); W = sheet width; D = die opening 
length; t = sheet thickness; and Ts (UTS) = ultimate tensile 
strength of material. Peak bending load is influenced by the 
following input variables such as D, W, t, UTS, Kbf, friction 
coefficient between the tool interfaces, tool setup geometry 
(punch, die, and blank profile). Maximum bending force is il-
lustrated from figure 7 and equation (1) [3, 17, 19, 29].

Results and Discussion
Present work deals with the study of effect of all punch 

profiles i.e., zero step, 1 step, 2 step, 3 step, and 4 step punch 

FEM modelling and simulation

FEM simulation was carried out for five different cases of 
stretch flange forming, which were presented clearly in table 1. 
Figure 4 shows the different step punch profiles considered for 
the study. FEM model for all cases was developed for estima-
tion of edge crack phenomenon. Figure 5 shows the typical 3D 
CAD (computer-aided design) and FEM model for the pres-
ent study. Sheets of dimensions (L x B x H) 120 x 35 x 0.5 mm 
were utilized for both experiments and FEM simulation. Sheet 
metal of AA5052 was discretized with C3D8R elements. Four 
node (R3D4) discrete rigid elements were utilized for meshing 
of die, binder, and punch. Tool parts are assumed as rigid body 
and boundary conditions were imposed on reference node of 
tools. A blank holder was utilized to suppress the sheet over the 
die and 30 mm of sheet were placed outside free for formation 
of stretch flange. Die was encastered while punch is made to 
move in downward vertical direction to form stretch flange. 20 
kN of blank holding force is applied and friction coefficient 
was assumed similar for all cases i.e., 0.1.

Crack initiation in sheet by simulation was investigated 
by considering shear and ductile modes of damage. By defi-
nition of such criteria, mesh will delete automatically which 
indicates the edge crack phenomenon. Radius of punch and 
die was considered as 25 mm. Data was collected in terms of 
strain distribution and requirement of load for forming the 
flange and edge crack location. Experiments were carried out 
to validate the result of FEM simulation for one case of punch 
and sheet.

Experimental procedure

The blank dimensions (L x B x H) 35 x 120 x 0.5 mm3 were 
stretch flange experimentally using zero step punch (cylindri-
cal) of 50 mm diameter with 1 mm and 2 mm gap between die 
and punch. Hydraulic press with double acting facility was used 
for performing experiments of stretch flange forming. Overall 
capacity of Hydraulic press is 50 kN. It comprises a main ram 
which has a capacity of 30 kN and the other one is the blank 
ram which is capable of exerting a maximum force of 20 kN. 
The function of the main ram is to hold the punch tightly and 
the blank ram is applying is for applying blank holding force 
during stretch flange forming. Die, punch, blank-holder, and 
blank were assembled and considered as a tool set-up as shown 
in figure 6. Similar size of tooling set-up and sheet were real-
ized/applying both in FEM simulation and experiments. The 
sample positing (fixed and free length of blank) is also similar. 
Die and punch were fixed/clamped on the worktable and the 
main ram, respectively. The main ram was moved with veloc-
ity of 1 mm/s for formation of stretch flange. After that load 
was released and blank was taken out. Edge crack position, its 
propagation and crack length were measured/observed.

Table 1:  Input variables for FEM simulation of SFP.

S. No. Input variable Details of variables

1. Punch profile Zero step (cylindrical), one step, two step, 
three step, and four step 

2. Gap between die 
and punch 1 mm and 2 mm 

Figure 4: Different step punch profiles for FEM analysis of stretch 
flanging.

Figure 5: Assembled (a) 3D CAD Model and (b) Finite element model 
of stretch flanging.

Figure 6: 50 kN hydraulic press (double acting) and tool setup for stretch 
flanging experiments.
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pressed in terms of location of edge crack, force requirement 
for SFP and distribution of strain along free edge of stretch 
flange. The forming load data was obtained from FEM simu-
lation at selected reference point on punch. Variation of punch 
force with movement of punch was plotted for different step 
punch cases at various clearances and given in figure 9. In the 
cylindrical (zero step) punch profile, forming load increases 
rapidly as compared to other punch profiles with increment 
in the punch displacement [9, 14, 15]. It is because of large 
slope of punch and sudden contact between punch and sheet. 
Initially punch load increases until the blank bends up to a 
fixed theta degree and further it decreases because of initiation 
of crack and its propagation towards the mid-section of the 
blank. After completion of crack propagation, forming load is 
almost constant. Slipping of punch over sheet without increase 
in punch load might be one of the reasons. Punch profile and 
contact area of tool with blank plays a vital role for forming 
load distributions. From the figure 9 and figure 10, it is gath-
ered that peak forming punch load is required for two step 
punch shape. While it is least for the four-step punch shape. 
It may be due to sudden contact between the sheet and the 
punch. Therefore, large number of step punch profile (more 
stepped punch) is suitable for the better deformation in SFP 
based on the forming load requirement.

Figure 11 shows the contact position of different steps 
punch through FEM simulation. Punch shape effect the 
forming load because in these cases span length (die opening 
length) are varying during the deformation of sheet [3, 17, 29]. 

profile and punch-die gap (1 and 2 mm) were studied in SFP. 
Considering five types of punch profile and two punch-die 
clearances, ten cases of stretching flanging arise. In order to 
confirm the FEM model considered for the study, experiments 
have been carried out considering only one type of punch 
(zero step) with both 1 mm and 2 mm punch-die clearance. 
Validation of finite element simulation results were conducted 
and expressed in terms of edge crack propagation and its loca-
tion. Figure 8 shows results of both FEM simulation and ex-
periments for the considered case. As observed the crack starts 
from edges of the blank and it is located near die corner. It fur-
ther propagates towards the center of the blank as the punch 
moves downward. The crack length is measured and listed in 
table 2 for both cases. Experimental and simulation results 
vary in the range of 11 - 13% and it is considerable range. The 
results of finite element simulation were validated with exper-
imental results which are shown in figure 8.	

The FEM simulation results of all the cases were ex-

Figure 7: CAD model of stretch flange forming with tools and blank for 
the assessment of peak bending force.

Figure 8: Comparison of deformed flange edge crack position and their 
propagation in zero step (cylindrical) punch.

Figure 9: Variation of punch load for different step punch profile and gap 
between punch and die (C = Clearance/gap) at 25 mm die radius.

Figure 10: Comparison of maximum punch load for different step punch 
profile at gap between punch and die C = 1 and 2 by FEM simulation.

Table 2: Comparison of FEM simulation results with experimental.

S. No. Condition
Crack length (mm)

Percentage 
differenceFEM  

Simulation Experimental

1. Zero step punch  
(1 mm gap) 12.5 11.2 11.6 %

2. Zero step punch 
(2 mm gap) 8 7.1 12.7 %
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Sheet deformation through punch at various displacements of 
punch i.e., 20, 40, 60, and 100% are shown in figure 12. It is 
evident from this figure that there is no crack initiation takes 
place in the blank up to, approximately, 20% of total punch 
displacement in 1 step, 2 step, 3 step, and 4 step punch, while 
in case of zero step punch, i.e., cylindrical punch, crack starts 
at the same percentage of punch displacement. In the case of 
1 step, 2 step, 3 step, and 4 step punch crack starts nearly at 
40% of total punch displacement whereas significant crack is 
observed in zero step (cylindrical) punch at the same percent-
age (40%) of total movement of punch. It is because the large 
contact between punch and sheet and span length is also small 
as compared to other step punch (one, two, three, and four 
step punch) [3, 29]. Hence, different punch shapes illustrate 
different contact behaviour and deformation of blank during 
stretch flange forming.

Crack initiation starts from both sides of edge corner of 
profile radii of die, and it travels to wards center of die for all 
cases. It is understandable from figure 13, figure 14, and fig-
ure 15 that crack propagation reduces with increment in die-
punch clearance for all cases of punch profiles. Propagation 
of the crack is found maximum at 1 mm of gap, whereas it is 
minimum at 2 mm of gap in all step punch profiles.

Distribution of strain along profile radii of die is mea-
sured at meridian path. This path was drawn away from the 
crack position in deformed sheet as shown in figure 16. It is 
examined that strain are maximum near the edge corner of 
die profile radius due to maximum stretching of sheet in one 
direction and maximum compressive in other direction takes 
place at side corner of die profile radius. 

From figure 17 and figure 18, peak strain in circumfer-
ential and radial direction found for case of two step punches 
profile, whereas least strain in circumferential and radial direc-
tion are found for four step punch profile.    

Figure 11: Contact of sheet for various punch shape/profile at various 
percentage of punch displacements.

Figure 12: Deformed shape/profile of blank at different percentage (%) of 
total punch displacement by FEM simulation.

Figure 13: Edge crack position and their propagation at 1 mm gap and 
25 mm die radius for different step punch profile by FEM simulation. (a) 
Cylindrical (zero step) punch, (b) one step punch, (c) two step punch, (d) 
three step punch, and (e) four step punch.

Figure 14: Edge crack location and their propagation at 2 mm clearance 
and 25 mm die radius for different step punch profile by FEM simulation. 
(a) Cylindrical (zero step) punch, (b) one step punch, (c) two step punch, 
(d) three step punch, and (e) four step punch.
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Conclusion
In this study, influence of various step punch profiles and 

gap between die and punch on deformation characteristics 
of stretch flange forming. FEM simulation mode of SFP 
has been validated with experiments for one such case. The 
validation ensures the applicability of FEM model for all the 
cases considered in the study. Following are the conclusions: 

•	 A minimum forming load is required for four step punch 
profile in contrast to remaining punch profiles considered 
in the study.

•	 Edge crack length increases with decrease in punch die 
clearance in all step punch profile. Forming loads are also 
found maximum in 1 mm clearance, whereas it is mini-
mum in 2 mm gap for all types of considered step punch 
profile.

•	 Crack initiation in sheet is highly depends on the profile 
of the punch. It is due to contact behaviour of sheet with 
punch during deformation.

•	 Strain in circumferential and radial direction are found 
to be maximum for two step punch profile, whereas four 
step punch profile has minimum circumferential as well 
as radial strain. Therefore, a large number of step punch 
profile is suitable for better deformation in stretch flang-
ing process. It can be concluded based on the edge crack 
in sheet, edge crack, strain distribution, and forming load 
distribution.
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