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1. Introduction
Metal forming simulation is a complicated re-

search work. Because it is a high geometric nonlin-
earity problem. There are the large displacement, 
large rotation and large strain, which caused by the 
die shape effect. In the drawing process, when punch 
resistance and side resistance is too large, there will 
be rupture phenomenon of fracture, thinning, wrin-
kling. It need multi drawing to complete deep draw-
ing on some products. It reduces the shrinkage of the 
flange through multi drawing, not exceed the bearing 
force, avoid rupture of sheet forming [1-3].

In the late 1960s, the finite element analysis 
method was applied in the field of metal forming. 
According to Von Mises yield criterion, Prandtl-Re-
uss equations, Love. A. E. H. [4] application shell 
theory, ignoring the effect of bending, proposed to 
Speherical, ellipsoid, cylindrical, conical shape, an-
alysed stress and strain distribution. M. Merklein [5] 
proposed two methods direct redrawing and reverse 
redrawing, pointed out the product quality is rela-
tionship with the stretch ratio and the lower mould 
radius.

Farshid Dehghani [6] applicated Barlat-Lian Sim-
ulating law and yield large deformation elastoplastic 
finite element method to analyse the deep drawing 
forming, found earring is an inevitable phenomenon 
during the drawing forming process. Sousa [7] opti-
mized design parameters of V and U bending with the 
finite element method and Genetic algorithm (GA), 
those parameters including: punch and die radius, 
punch displacement and plate force.

2. Methodology
2.1. Constitutive Equations
The element analysis constitutive relation can be 

written as the formula (1) and (2) follow [8-11].
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Where, ijσ
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 is Jaumann differential of ijσ , ep

ijmnC  is the 
elastic-plastic module, 

e

ijmnC  is Elastic module, f  is the 
initial yield function, H ′  is the strain hardening rate, 
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σ  is Von Mises yield function. the Matrix ep

ijmnC  can be 
expressed as the formula(3)(4)(5).
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1 2 xxS Gσ ′= , 2 2 yyS Gσ ′= 3 2 zzS Gσ ′=  	 (5)

4 2 yzS Gσ ′= , 5 2 zxS Gσ ′= , 6 2 xyS Gσ ′=  	 (6)

ijσ ′  is deviator of ijσ , G is the friction flow po-
tential, 2 2

1 2+G σ σ= , eC    is the formula in minimum 
strain, which can be expressed as the formula(7) fol-
low[12]:
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E is modulus of elasticity, v is Poisson’s ratio. If 
the material is homogeneous and isotropic, the elasto-
plastic rate equation can be written as the formula (8):
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When α=1, it is a plastic stage; when α=0, it is the 
elastic stage or unloading stage.

Equivalent stress and equivalent plastic strain re-
lations can express by n-power law formula (9):

( )0

n

pCσ ε ε= + 
 	 (9)

C is material constant, n is strain hardening index; 
σ  is the equivalent stress, pε  is the equivalent plastic 
strain, 0ε is the initial strain.

2.2. Virtual Work Principle
It descripts the elastic-plastic deformation with 

the updated Lagrangian formulation ULF [12], the 
Virtual work principle formulation can be shown as 
the formula (10) 
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ijσ  is the Cauchy stress tensor, kjε  is the rate of 
stress tensor, ijε is the strain tensor, jkσ  is the rate of 
strain tensor, ijδε  is the virtual strain tensor of the 
point, ijLδ  is the virtual velocity gradient tensor of 
the point, iδν  is the velocity component, f is surface 
force component, ijL is velocity gradient tensor, V is 
unit volume, S is unit surface area.

Finite element analysis: the structure is divided 
into many small units which called discrete entity. 
Based on Large deformation stress and stress rate 
relation, the finite deformation of update Lagrangian 
formulation, material constitution relationship, the 
velocity distribution of each unit is shown as the for-
mula (11)(12)(13):

{ } [ ]{ }N dν =≤   	 (11)

{ } [ ]{ }B dε =≤ 

  	 (12)

{ } [ ]{ }L M d=≤   	 (13)

Where, { }v is velocity, { }ε is strain rate, { }d is ve-
locity gradient, [ ]N  is shape function, { }d is nodal ve-
locity, [ ]B  is strain rate-velocity matrix, [ ]M is velocity 
gradient-velocity matrix.

The principle of virtual work equation and the 
constitutive equation based on update Lagrangian are 
linear equation. The formula can be written by the 
form of incremental representation.

After finite element discretization, the large defor-
mation rigid general equation is written as the for-
mula (14).

[ ]{ } { }K u F∆ = ∆  	 (14)

Here, differentials of [K] and {∆F} are expressed 
as the formula (15)(16). 
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Where, [K] is the overall elastoplastic stiffness 
matrix; {∆F} is the nodal displacement increment;  
{∆u} is the nodal forces incremental; [Q] and [Z] are 
stress correction matrix. 

2.3. Friction Processing
There is friction in sheet forming process, so we 

need to pay attention to materials and tools of the in-
terface conditions. When the material moves along 
the tool surface curve of the slide, the contact force 
can be expressed as the formula (17).

= l nF Fl F n+  	 (17)
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lF  is radial force and nF  is normal force, and dif-

ferential equation of F can be expressed a8s the for-
mula(18)

= l l n nF Fl F l F n F n+ + +
  

  	 (18)

Here, l  and n  are expressed as the formula (19)
(20):

=- /rel
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Where, R  is tool radius, rel
lu∆  is the local rela-

tive velocity between the tool and nodes. The relative 
speed of nodes can be expressed as the formula (21):

= sinrel
l l toolu u u θ∆ ∆ −   	 (21)

Where, lu∆  is the contact tangent displacement in-
crement of nodes, toolu  is the displacement increment 
of tooling, θ  is the rotation angle. 

Here, F  is expressed as follow the formula (22):

( )
( )

- / sin /

     - / sin /

l n l n tool

n l l l tool

F F F u R F u R l

F F u R Fu R n

θ

θ

= ∆ + ⋅

+ ∆ − ⋅

 







 	 (22)

Rigid matrix of the contact nodes is expressed the 
formula (23):
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2.4. Numerical Analysis Flow
The 3d model design with the NX software, which 

is meshed with NASTRAN software follow. The 
whole analysis process is as shown in Fig. 1.

Based on the theory, the punch load, stress and 
strain, thickness are studied in the drawing and re-
drawing process. Simulation experiments were car-
ried out with different parameters. Finally, the veri-
fication testings were carried out to verify the simu-
lation, which can optimize and serve a reference for 
designer.

The model structures are composed of punch, die 
and blank holder, and as shown in Fig. 2.

There are two coordinates to solve the problem, 
one is the fixed coordinates (X, Y, Z), the other is the 
local coordinates (ξ, η, ζ). With the right-hand rule, 
the local coordinates (ξ, η, ζ) is used when nodes con-
tact with the tool, and the fixed coordinates (X, Y, Z) 
is used when the nodes do not contact with the tool.

The structure of model is symmetrical, the 1/4 
model is taken to finite element analysis.

The quadrilateral segmentation of degenerated 
shell element is used in sheet metal meshing, when 
four point quadrilateral degenerated shell element is 
used in the die meshing.

The part shape is round, the diameters is 82mm, 
86mm and 90mm.

3. Results and Discussion
3.1. Load and displacement of the punch
Simulation analysis and experimental results are 

basically consistent. The relationship between load 
and displacement of one step drawing is that from the 
initial load to the maximum load, material sheet oc-
curs flow deformation from punch to die. So it leads 
to metal processing hardening and the pressure in-

Figure 1. Simulation flow chart.

Figure 2. The sheet metal and die size chart.
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creased significantly. The load increases slowly be-
fore the maximum load is reached. When the material 
sheet slides into the concave die, the load increases 
slowly to the maximum, because of the material slid-
ing down and the middle concentration. When the 
sheet is divorced from the concave corner, there is 
only a one-dimensional channel, and the sheet con-
tacts with the punch nose and die bottom wall. So the 
punch load decreases with stroke (as shown in Fig. 2).

In the second redrawing process, the part which 
formed by one step drawing is carried with the re-
drawing forming directly by the conical punch. With 
the increase of the material strength, the load increas-
es obviously with the increase of stroke (as shown in 
Fig. 3).

(a) one step drawing

(b) Second step redrawing

Figure 3. Punch load and stroke diagram 

3.2. Deformation history
One step drawing springback simulation chart 

is shown in Fig. (4)(a). The sheet is affected by the 
compression stress of the circumference in forming 
process, and there is a phenomenon of hardening. 
Two step redrawing springback simulation chart is 
shown in Fig. (4)(b), the shape of sheet turns from 
round cup to conical cup.

3.3. Stress Distribution Analysis
As can be seen from the result of simulation in 

Fig. (5), when the diameter is 86mm with different 

(a) One step drawing 	         (b) Second step redrawing

Figure 4. Deformation history of sheet.

(a) One step drawing

(b) Second step redrawing

Figure 5. Stress distribution chart

stroke. The one step drawing is as Fig. (5) (a), and the 
two steps drawing and redrawing is shown in Fig. (5) 
(b). The initial stress mainly concentrates in fillet of 
die and punch. When the stroke is from 8 to 19mm, 
the mainly stress concentrates in punch fillet, some 
stress slightly in bottom. But in the two steps draw-
ing, the stress distribution is more uniform, no stress 
concentration, and better than one stage drawing.

3.4. Thickness Analysis
After drawing, there were different stress in 

Drawing and Redrawing process of the sheet men-
tal. Thickness would be thinner. In order to study 
the change rules between the thickness and different 
drawing types, two simulation experiments were ar-
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ranged. One is one stage drawing, the other is two 
stages drawing and redrawing. The simulation thick-
ness results in different positions is shown in Fig. (6), 
and the experiment data is shown in Fig. (7). The po-
sition values were measured and recorded as shown 
in Table 1.

Table 1. The thickness in different relative position and 
different parameters

Position Two steps drawing and 
redrawing(mm)

One step 
drawing(mm)

Sim Exp Error Sim Exp Error
A 0.931 0.892 4.6% 0.892 0.870 2.5%
B 0.876 0.856 2.3% 0.841 0.827 1.6%
C 0.792 0.79 1. 5% 0.774 0.730 2%
D 0.697 0.71 0.6% 0.597 0.591 1.1%
E 0.744 0.74 0.4% 0.626 0.61 2.6%

* note: Sim is the simulation data; Exp is the experi-
ment data.

Figure 6. Measurement positions chart 

(a) One step drawing	   (b) Two step drawing and 
			      redrawing

Figure 7. The experimental results drawing 

Thickness distribution of sheet can be divided into 
three regions (as shown in Fig. 8). The relative posi-
tions are from the 0mm to 20mm; the sheet contacts to 
the punch closely; the thickness is no obvious change. 
The second area is from the 20mm to 40mm, the sheet 
is under the axial stress in the area of die fillet, and 
thin gradually. The third area is from the 40mm to 
60mm, the sheet is squeezed into die accompany with 
punch movement; the sheet flow is hindered, and the 
thickness increases.

In the one step drawing, the sheet slides into die 
fillet by the influence of the friction, the material flow 
changes, occurred the thinning phenomenon, the thin-
nest point location is D, the value is 0.59mm, which is 
close to rupture (0.62mm). In the two steps drawing 
and redrawing, the average thickness about the same 
with the increasing of the punch stroke, and the mini-
mum value D is 0.67mm.

Conclusions
Based on the numerical analysis and experimental 

results, combined with finite element method with the 
incremental elasto-plastic theory, analyzed warpage 
phenomenon in U-bending process of sheet metal, the 
following conclusions are obtained.

(1) During the drawing and redrawing deforma-
tion process, the stress and the thickness distribution 
of the figure in the experiment, the experimental val-
ue is quite close to the theoretical value.

(2) In one step drawing, the load is greater with 
the size of the sheet by the relationship between the 
punch and the load displacement, but the second step 
redrawing, the force roughly the same.

(3) Seen from the thickness distribution diagram, 
the thinnest position is in the corner of the punch and 
the material was extruded thickly in the end edge of 
piece. The second step redrawing is more thickness 
distribution.

(a) One step drawing

(b) second step redrawing

Figure 8. Thickness distribution
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