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Abstract Fineblanking is a manufacturing process able to produce in one step, high 

quality parts that often require multiple operations. Flange forming is one the most 

complex sub processes due to the specifications of geometry demanded by client. This 

paper introduces a simulation of flange forming process in JIS G3101 steel, using finite 

element analysis (FEA). It is well known that with high thickness materials, flange 

forming process requires great loads to deform the metal. A part of this applied load is 

stored in the material structure in form of residual stresses. In this work, the value of such 

stresses into the formed material is presented, in order to know the load that remains 

when forming has finished. The strain due to these stresses is obtained and it allows 

observing an elastic recovery effect of the material, better known like springback. In 

addition, an important factor as a function of geometry terms is the maximum material 

displacement. The quantity of displaced material is considered and reported in this work.  

A finite element analysis of the flange forming process was performed in parallel with the 

experimental tests. Because non-linearities are presented in the simulation, such as 

material, geometry and contact, an explicit analysis was carried out with the purpose to 

observe the plastic material behavior. Since the analysis is focused to metal forming, a 

meshing method based on hexahedrical elements was assigned to the model; to avoid 

great element distortion, a size control was used.  The correlation between the FEA and 

experimental data obtained in this research show that the applied method is useful and 

allow us to determine several parameters for flange forming that could impact in the 

effectiveness of the process and increase the productivity. 
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1. INTRODUCTION 

Sheet metal forming is defined by DIN 8580 [1] as plastic modification of a shape while 

retaining its mass and material cohesion. Is a process of shaping sheets of metal by applying 

pressure using a punch through sheet metal into a die. In most of used sheet-forming 

processes the metal is subjected to primarily tensile or compressive stresses or both. 

Basically, forming is the modification of a shape with controlled geometry [2,3]. Sheet metal 

in general concerns: material properties, springback, fracture mechanicals and other 

phenomena. 

The design and realisation of a metal blanking process (see Fig. 1) are currently mainly based 

on empirical knowledge of the process.Many designs and manufacturing of metal forming 

pieces are mainly based on experimental data. This is because the material behavior often is 

more complex and inconstant that the metal forming models available describes. The theories 

studies on forming mechanisms are not enough depth, therefore, finite element method (FEM) 

is an effect technology to study metal forming. During the last three decades considerable 

advances have been made in the applications of numerical techniques, especially the finite 

element methods, to analyse physical phenomena in the field of structural, solid and fluid 

mechanics as well as to simulate various processes in engineering [4-9]. 

Flange forming is a method that combines compressive and tensile conditions using a punch 

and die to raise closed rims (flanges or collars) on pierced holes [10]. For manufacturing 

process, the shape of the product is an important characteristic. With FEM simulation, it is 

possible to predict forming quality of important process parameters. Some finite element 

approaches have been presented to model this process, mutually differing mainly in the 

material and thickness used for the simulation. Brokken et. al. [11] predicted the shape of 

blanked products using a finite element approach in 1mm steel plate thickness, while Jalluoli 

et. al. [12] and Zhuang et. al. [13] worked with a numerical simulation of hole-flanging 

process of aluminum in thickness sheets too (1 and 5 mm respectively).  

The model proposed in this paper, consists in a prototype tool, using a high thickness steel 

plate to obtain the material deformation, stress and strain distribution and the effects of 

springback by FEA. An explicit simulation was developed using a 3D model simplified to 

visualize a response closer to reality of forming material and to compare the virtual results 

with the experimental data. 

 

 

Figure 1. Flange forming process in a pierced flat plate. 
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2. PLASTICITY MODEL THEORY 

Plasticity theory provides a mathematical relationship that characterizes the elastoplastic 

response of materials. In general, a complete plastic theory has three components: a yield 

criterion that defines the initial inelastic response of the material, a flow rule that relates the 

plastic strain increments to the stress increments after initiation of the inelastic response, and a 

hardening rule that predicts changes in the yield surface due to the plastic strain [14]. 

2.1. Distortional energy density (von Mises) criterion 

The yield criterion is used to determine the critical stress required to cause permanent 

deformation in a material. The distortional energy density criterion, states that yielding begins 

when the distortional strain energy density at a point equals the distortional strain energy 

density at yield in uniaxial tension (or compression).  

The distortional strain energy density is that associated with a change in the shape of a body. 

Therefore, yield is not only a tension or compression phenomena, but also is related with 

distortion of stressed element. Basically, when von Mises equivalent stress exceeds the 

uniaxial material yield strength, general yielding occurs. From this theory, a scalar invariant 

(von Mises equivalent stress) is derived as equation 1. 
 

    √
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2.2. Isotropic hardening 

During plastic flow under general multiaxial loading, the stress state can move along the yield 

surface, but the surface itself remains unchanged. However, in reality the microstructure of 

the material changes as plastic flow continues, and this results in a change of the properties 

observable on the macro-scale. Under uniaxial loading, the stress transmitted by a yielding 

material can increase or decrease. 

The hardening rule describes the changing of the yield surface with progressive yielding, so 

that the conditions (i.e. stress states) for subsequent yielding can be established. Two 

hardening rules are available: work (or isotropic) hardening and kinematic hardening.  

Isotropic hardening states that the yield surface expands uniformly during plastic flow. This 

means a uniform dilatation of the yield surface (Figure 2). In particular, the yield function 

takes the form of equation 2. 
 

  (      )    (   )      (2) 
 

The shape of the yield function is specified by the initial yield function and its size changes as 

the hardening parameter K changes. 
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Figure 2. Isotropic hardening. 

The Hill yield criterion [15] is an anisotropic criterion that depends on the orientation of the 

stress relative to the axis of anisotropy. It can be used to model materials in which the 

microstructure influences the macroscopic behavior of the material such as forged metals and 

composites. In a coordinate system that is aligned with the anisotropy coordinate system, the 

Hill yield criterion given in stress components is: 
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The coefficients in this yield criterion are functions of the ratio of the scalar yield stress 

parameter and the yield stress in each of the six stress components: 
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Where the directional yield stress ratios are the user input parameters and are related to the 

isotropic yield stress parameter by: 

    
   

 

  
     √ 

   
 

  
 

 

    
   

 

  
     √ 

   
 

  
 

 

    
   

 

  
     √ 

   
 

  
 

(5) 



Amando A. Gallardo
1
*, Raúl Lesso

2
 

 5 

Where   
  is the yield stress in the direction indicated by the value of subscript  . The stress 

directions are in the anisotropy coordinate system which is aligned with the element 

coordinate system (ESYS). The isotropic yield stress    is entered in the constants for the 

hardening model. The Hill yield criterion defines a surface in six-dimensional stress space and 

the flow direction is normal to the surface. The plastic strain increments in the anisotropy 

coordinate system are: 
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3. NUMERICAL SIMULATION  

A numerically approximated description of the plastic behavior of the sheet metal was 

developed due to the complexity of the physical process. An explicit simulation was used to 

obtain useful knowledge about flange forming. The finite element analysis is described as 

follows. 

3.1. Constitutive model 

The Multilinear Isotropic Hardening model (MISO), uses the von Mises yield criteria coupled 

with an isotropic work hardening assumption. This option is recommended for large strain 

analyses [16,17]. The MISO option can contain up to 20 different temperature curves, with up 

to 100 different stress-strain points allowed per curve. Strain points can differ from curve to 

curve. The first point of the curve must be the yield point, that is, zero plastic strain and yield 

stress. The slope of the stress-strain curve is assumed to be zero beyond the last user-defined 

stress-strain data point. No segment of the curve can have a slope of less than zero (Figure 3).  

 

 

Figure 3. Multilinear isotropic hardening curve. 

file:///C:/Program%20Files/ANSYS%20Inc/v150/commonfiles/help/en-us/help/ans_cmd/Hlp_C_ESYS.html
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3.2. Geometry 

In flange forming process, a sheet metal is the most common piece used for steel forming. 

The thickness is around between 1 to 6 mm. Any piece into this range is considered low 

thickness. In contrast, steel plates presents high thickness (from 7 to 12 mm), and are used in 

specialized applications. 

As mentioned at first, this work treats with high thickness steel plate, a difference the previous 

researches made. In this case, a steel plate of 12 mm of thickness was used for the FEA and 

experimental model. 

A 3D model was used for the simulation. It consists in a die, a special shape punch and the 

metal plate, which once formed and finished; the component obtained will be part of the 

automotive exhaust system.  

In order to save CPU resources, the CAD model used was simplified. It was “cleaned up” 

from needless features and divided in quarter, due to symmetry presented. In solution terms, 

this is a helpfully resource. Figure 4 shows the final geometry used for the analysis. 

 

 

Figure 4. Model 3D Prototype and simplify geometry. 

3.3. Engineering data 

Because the flange forming is both an extrusion and stamping process, the constant flow of 

material into the die cavity is critical. Thus, soft materials with fine grain structure are 

preferred. When an application requires a hardened component, heat treatable alloys are used. 

AISI D2 steel is an air hardening, high-carbon, high-chromium tool steel. It has high wear and 

abrasion resistant properties. It is heat treatable and will offer hardness in the range 55-62 

HRC, and is machinable in the annealed condition. D2 steel shows little distortion on correct 

hardening. D2 steel’s high chromium content gives it mild corrosion resisting properties in the 

hardened condition. 

Typical applications for D2 Steel are stamping or forming dies, punches, forming rolls, tools, 

etc., for this reason, D2 was assigned to punch and die. 

JIS G3101 (EN SS400) steel has very wide use. Because of the low carbon content and 

without alloy element, carbon structural steel has the proper tensile strength, good toughness, 

plasticity, processing property and is applicable to steel plates for metal forming processes 

like deep drawing, flange forming, stamping. 

In order to get accure data for JIS G3101 steel, tensile tests were developed.While 
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engineering stress-strain curves are used for small-strain analyses, true stress-strain must be 

used for plasticity, as they are more representative measures of the state of material. Since the 

data obtained from tensile stress represents an engineering stress-strain curve, these values 

can be converted to get a true stress-strain approximation.  

In table 1 are listed material properties used to characterize the finite element model. 

 

Material properties 
JIS G3101 Steel 

(Steel plate) 

D2 Steel 

(Punch, die) 

Young’s Modulus ( ) 210 GPa 230GPa 

Poisson’s Modulus ( ) 0.31 0.30 

Tensile Yield Strengh (  ) 350 MPa 2600 MPa 

Tensile Ultimate Strengh (  ) 562.5 MPa 5000 MPa 

Density( ) 7830 Kg/m
3
 7970 Kg/m

3
 

Table 1. Material properties for flange forming simulation. 

3.4. Contacts 

Interaction between parts in an explicit dynamic simulation is modelled with a contact 

algorithm. Contact algorithms have to take into consideration many possibly complex 

interactions. Depending on the type of problem that is being simulated, special-purpose 

contact can be used to achieve a stable, accurate, yet efficient result.  

Within an explicit dynamics analysis, the body interaction feature represents contact between 

bodies and includes settings that can control these interactions. 

For nonlinear solid body contact of faces, Augmented Lagrange formulations can be used: 
 

                                (7) 
 

Because of the extra term  , the Augmented Lagrange method is less sensitive to the 

magnitude of the contact stiffness        . 
Here, for a finite contact force Fnormal, there is a concept of contact stiffness knormal. The higher 

contact stiffness, the lower the penetration xpenetration, as figure 5 shows. 

Ideally, for an infinite knormal, a zero penetration could get. This is not numerically possible 

with penalty-based methods, but as long as xpenetration is small or negligible, the solution results 

will be accurate. 

 

Figure 5. Contact stiffness 

The body interaction between the punch and the steel plate was frictionless type, while a 

bonded contact between the steel plate and the die used a surface-surface algorithm coupled 
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with Augmented Lagrange formulation. Figure 6 shows the connections of the system. 

 

 

Figure 6. Contact regions 

3.5. Meshing 

To system discretization, a mesh method based on hexahedrical elements was used. 

The MultiZone mesh method provides automatic decomposition of geometry into mapped 

(sweepable) regions and free regions. With the MultiZone mesh method selected; all regions 

are meshed with a pure hexahedral mesh if possible.  

SOLID164 is a hexahedral element used for the three-dimensional modeling of solid 

structures. The element is defined by eight nodes having three degrees of freedom at each 

node: translations, velocities, and accelerations in the nodal x, y, and z directions [17]. 

This element is used in explicit dynamic analyses only; has plasticity, stress stiffening, large 

deflection, and large strain capabilities (Figure 7). 

 

 

Figure 7. Eight-node hexahedral element. 

The meshing method described before was applied at the whole system. Since the principal 

component to analyze is the steel plate, a flexible environment was assigned to it, while the 

punch and die worked under rigid environment. 

Rigid body meshing simplifies the representation of a model by reducing it to the contact 
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regions and the centroid of the model. In other words, when a part is defined as a rigid body, 

the mesher knows to mesh only the contact regions, and to create a single mass element at the 

centroid of the model. Despite the rigid body simplifies the contact zones, a full mesh must be 

applied to the elements defined in an explicit analysis. 

In the figure 8, the mesh generated is showed. A size control for the steel plate mesh was 

applied, due the large deformations at this component is undergone.  The elements of 3mm 

size obtained, grant a mesh which offer good analysis results. 

 

 

Figure 8. Mesh generated. Sizing control applied to steel plate. 

3.6. Boundary conditions 

The boundary conditions are the specified values of the field variables on the boundaries of 

the field. In other words, the boundary conditions are values that restrict the behavior of any 

system. 

Because of the model was simplified, a symmetry option was assigned to the geometry both X 

and Y axes respectively. A vector force of 576 800 N and free displacement on Z axis (UX 

and UY equal to 0), also were set. Finally, a fixed support was established for the die. Thus, it 

is considered there is no displacement for this component in any direction. 

4. RESULTS AND DISCUSSION 

Plastic behavior, characterized by non-recoverable strain, begins when stresses exceed the 

material's yield point. With great loads, significant changes in the geometry are present, 

therefore geometry nonlinearity exists. The results obtained are presented as follows.  

The maximum von Mises stress in the plate reached a value of 517.17 MPa, compared with 

the value of tensile ultimate strength of 562.5 Mpa for JIS G3101, this stress is lower than the 

tensile test presents. This indicates that a ductile failure is not presented yet, and is attributed 

to initial velocity; because of flange forming process requires low speed punch (2mm/s in this 

case) to keep a material flow into the die in order to prevent a material failure. In figure 9 

these stresses are plotted. 
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Figure 9. Equivalent von Mises Stresses. 

Most common engineering materials exhibit a linear stress-strain relationship up to a stress 

level known as the proportional limit. Beyond this limit, the stress-strain relationship will 

become nonlinear, and material nonlinearity arises. This can be noticed by the multilinear 

curve set for steel plate.  

The equivalent plastic strain gives a measure of the amount of permanent strain in a body. 

This value is calculated from the component plastic strain of von Mises. Figure 10 shows the 

equivalent plastic strain work piece. 

 

 

Figure 10. Equivalent plastic strain. 
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An important factor as a function of geometry terms is the material displacement. According 

with the 3D model, the die cavity depth is 5.5 mm. While the maximum material 

displacement (Z axis) was 5.5007 mm.  

 

 

Figure 11. Total deformation. 

A deformation probe was used to get this value. The steel plate edge that makes contact with 

the punch was taken like reference to observe the displacement of the material over the time. 

In table 2 is showed the data obtained. 

 
Time (s) Deformation probe (axis Z) (mm) 

1.18e-38 0 

5.01e-05 -8.46e-02 

1.00e-04 -3.7748 

1.50e-04 -5.5007 

2.00e-04 -5.5002 

2.50e-04 -5.4995 

3.00e-04 -5.4163 

3.50e-04 -5.4312 

4.00e-04 -5.4380 

4.50e-04 -5.4451 

5.00e-04 -5.4358 

5.50e-04 -5.4352 

6.00e-04 -5.4366 

6.50e-04 -5.4364 

6.70e-04 -5.4383 

Table 2. Deformation material over time 

As defined, the plastic strain is a dimensional change that does not disappear when the initial 



Amando A. Gallardo
1
*, Raúl Lesso

2
 

 12 

stress is removed. It is usually accompanied by some elastic strain. Springback in sheet metal 

forming is due to the elastic recovery of the metal after it is deformed. This is due to the 

residual stresses in the body once the load applied is removed from it. In the figure 12 are 

plotted the elastic strain in the work piece.  

 

 

Figure 12. Equivalent elastic strain. 

The figure 13 shows the strain from five nodes groups. These groups were taken from the 

steel plate face where the punch makes contact. The data plotted reveals a small springback in 

the material at elastic strains function. In each curve, a maximum value is reached and 

decreases a little; then, a constant value is keep until the end of the forming phase. The 

negative sloap represents the elastic recovery. 
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Figure 13. Equivalent elastic strain (a) from groups nodes (b). 

4.1. Validation 

Using a physical prototype, flange forming tests were developed in order to validate the finite 

element model. Since the geometry was simplified for the analysis, also the experimental 

model was divided in quarter in order to observe a quality of results obtained. 

In figure 14 is showed a quality comparison between finite element and experimental model. 

Some features can be observed, like radius, height or thickness and it can be observed the 

great approximation reached with the FEA, even when the physical model presents a slight 

“fallen” (term used for this characteristic in metal forming) in the opposite flange side, the 

simulation reproduce the same effect but in less quantity. Is important to mention, that at least 

the client specifies the opposite, this last feature must be avoided in these kinds of 

components, because the functionality could be affected. 

 

 

Figure 14. Quality comparison between FEA and experimental model. 
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After aditional geometry features were applied to the part (external cuts and chrome-zinc 

coating), a prototype component is obtained. The Figure 15 presents the final product. 

 

Figure 15. Final product. 

In table 3 is presented a quantity comparison between finite element model and the 

experimental data obtained, mainly focused in the most important features of the component 

produced. 

Feature Finite element model Experimental model 

Internal flange diameter 53.8 mm 54.1 mm 

Flange height 5.5007 mm 5.5 mm 

Flange thickness 7.45 mm 7.7 mm 

Superior radius 2.75 mm 2.5 mm 

Inferior radius 1 mm 1.2 mm 

Fallen side (radius) 1 mm 2.3 mm 

Table 3. Quantity comparison between FEA and experimental model 

5. CONCLUSIONS 

According with the results obtained, the shape geometry was successfully. The total 

deformation reached, allows observing that there is a good possibility to get the desired 

geometry with the defined parameters, as seen in the comparison between FEA and 

experimental model. The von Mises stresses obtained, reveals that forming material does not 

reach the failure point, which is helpful to get the required product using flanging process. As 

seen, the elastic recovery was small.  This is desired characteristic, because tools and process 

must be adjusted in order to compensate the springback effect. Also, the quantity comparison 

between FEA and experimental model shows values closer each other of the principal 

features, which grants mayor reliability to this research. In conclusion, the results reached 

from finite element simulation, provides a great approximation to real process. The 

correlation between the FEA and experimental data obtained in this research shows that the 

applied method is useful and allow determining useful parameters for flange forming that 

could impact in the effectiveness of the process and increase the productivity. 
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