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Abstract. In this study, a sheet bendability and springback property evaluation technology 
through bending test simulations is newly developed using our multi-scale finite element 
analysis code, which is based on the crystallographic homogenization method.  

1 INTRODUCTION 
In this study, we develop the bendability and the springback prediction analysis code for an 

optimum crystal texture design scheme to generate ideal copper alloy sheet for the electric 
devices. Recently, the electronic components, such as connector and switch, have been 
downsized because of narrow pitch packaging of electric components. Therefore, the copper 
alloy sheet (Corson alloy (Cu-Si-Ni) or phosphor bronze (Cu-Sn-P)) which is mainly used for 
electro-mechanical device is required better bendability and accurate forming property. 
Macroscopic material properties of sheet metals such as the bendability and the formability 
strongly depend on the microscopic polycrystal morphologies. Furthermore, it is considered 
that process design analyses to generate an optimum texture for the bendability are available 
method. In this study, a dynamic explicit crystallographic homogenized FE code [1-4] is 
applied to simulate the bending test problems of copper alloy sheet metals to predict the 
bendability and the springback property. 

Bending and springback prediction method based on multi-scale finite element analyses for 
high bendability and low springback sheet generation 	
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2 FUNDAMENTAL EQUATIONS FOR THE MICRO AND MACRO STRUCTURES  

2.1 Crystallographic Homogenization Procedure 

Figure 1: Macro continuum and micro polycrystal structures, and coordinates xi and yi

We introduce both microscopic and macroscopic coordinate systems so the physical 
quantities are represented by two different length scales; one is x in the macroscopic region Ω
and the other is y (=x/λ) in the microscopic region Y as shown in Fig. 1. The equations in the 
microscopic and macroscopic levels are derived by employing defined velocities, iU& and iu&

 [1].  
The equation of the virtual power principle of the micro polycrystalline structure is 

expressed as: 

( ) ( ) ( ) ( ) ( )∫∫∫ −=+
V jiijV iiV ii dVyxudVyxuyxudVyxuyxu ,,,,, ,&&&&&& δσδνδρ , (1)

( ) 0, =yxuiδ& : on the boundary of region Y, (2)

where ρ and ν mean the mass density and the viscosity coefficient, respectively.  By solving 
the governing equation, Eq. (1), we obtain the Cauchy stresses 

ij
σ  . The macroscopic Cauchy 

stress tensor, which means the homogenized stress tensor,  H

ij
σ  is obtained by averaging 

Cauchy stresses in microstructure as follows: 
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where  is Cauchy stress at Gaussian integration point G of a finite element in the microscopic 
region,  H

ij
σ  is the Jacobian at the integration point, NG is the total number of integration 

points. 
We introduced the homogenized stress H

ij
σ   and then formulate the virtual power equation 

of the macro-continuum as follows: 
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where if , , σΓΩ   and 
iT  are the volume, force boundary surface, the body force and the external 

surface force, respectively. 

2.2 A two-scale "dynamic-explicit" finite element formulation 
In this section, the "dynamic-explicit" homogenized elastic/crystalline viscoplastic FE 

procedure is shown. The eight nodes iso-parametric solid element is used for both macro 
continuum and micro polycrystal structure. We employ the shape functions for macro and 
micro 8 nodes iso-parametric solid finite elements, as follows; 
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Where, iξ  is the natural coordinate, which employs the macro coordinate  ix , and iς   to iy  . 
The superscript “0” corresponds to the value in the macro region, and “1” the micro region. q
and p mean q-th  finite element defined in the base cell “Y”, which means RVE micro 
polycrystal structure, of the corresponding p-th macro finite element, as shown in Fig. 1. 

The velocity gradients at the macroscopic and microscopic levels are derived as follows, 
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where, α and β mean the finite element node number of macro and micro elements, p and q
mean the same as defined in Eq. (6).   

Substituting Eq. (7) into the virtual power equation (4), a FE equation of motion in the 
macro region eΩ  is obtained by using the Gaussian integration calculations.  

Finally, the FE equation for the whole macro continuum region is calculated as, 
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Those are the mass, the viscosity, the external force and the internal force terms. “e” means a 
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macro finite element, T the total number of finite elements in the macro continuum region, α  
the node number in the whole macro continuum region.  
Next, substituting Eq. (8) into Eq. (1), a FE equation of motion in the micro region Ye is 
obtained by using the same derivation process as in the macro region. A total “micro” FE 
equation of motion is given by, 

],[1
8

1

],[1
8

1

],[1 CM qp
jj

qp
j

qp Fuu α
β

βαβ
β

βαβ −=+∑∑
==

&&& (11)

where, 
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MT means the total number of micro finite elements in the whole micro structure region Y, 
and α the node number in the whole micro region. On the boundary surface of the micro 
region Y, the incremental displacement is assigned, which is calculated by using the velocity 
gradient at the corresponding integration point of macro element. We employ the 
conventional time integration algorithm, “Central difference method”, to solve both equations 
of motion [5-7]. By using the displacement at the time step tt ∆+  , the strain increments and 
Cauchy stress increments are calculated in the whole “micro” finite elements of the micro 
polycrystal structure. Then, the “homogenized” Cauchy stress is obtained at every integration 
point of “macro” finite elements. 

2.3 Elastic/Crystalline Viscoplastic Constitutive Equation 
We employed the strain rate dependent crystal plasticity constitutive equation for micro 

analysis[8-13].  The crystalline viscoplastic shear strain rate ( )aγ&  of the power law form 
defined on the slip system a is expressed as follow: 
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where τ (a) is the resolved shear stress, g(a) is the reference shear stress,  ( )a
0γ&  is the reference 

shear strain rate, and m is the coefficient of strain rate sensitivity. In this study,  ( )a
0γ&  = 0.033 

and m = 0.01 is employed in FCC metal, respectively. 
The hardening evolution equation of the reference shear stress g(a) is given by 
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where N is the total number of slip systems, for the FCC crystal N = 12. The hardening 
coefficients hab for the n-th power equation are expressed as follows: 

( ) ( ) ( )
abababab d

d
q

d

d
qh δ

γ
γτ

γ
γτ −+= 1 (15)

( ) ( ) ( ){ }nCnChh
d

d γγγ
γ
γτ +== 00 (16)

187



T. Honda, H. Kuramae, H. Morimoto, Y. Morita, Y. Nakamura, T. Ohata and E. Nakamachi. 

5

*ˆ ijσ

where the matrix qab is introduced to describe the self and latent hardenings. γ is the 
accumulated shear strain over all the slip systems, h0 is the initial hardening modulus and n
and C is the hardening exponent and the hardening coefficient, respectively. These values are 
determined by the parameter identification calculation through the comparison with the 
experimental results [1]. 

The objective rate of Cauchy stress    is employed in the rate type elastic/visco crystal 
plasticity constitutive equation as given by, 

where Ce
ijkl is a fourth order tensor of elastic moduli and Dkl is the rate of deformation tensor.  

The detail formulation procedure can be found in the authors’ paper  [1]. 

3 MULTI-SCALE ANALYSES OF BENDING PROCESS 

(a) Annealed Corson alloy        (b) Rolled Corson alloy     (a) Annealed Corson alloy        (b) Rolled Corson alloy

(c) Symmetric phosphor         (d) Asymmetric phosphor    (c) Symmetric phosphor        (d) Asymmetric phosphor 
bronze                                     bronze                                  bronze                                     bronze 

Figure 2: Observation of crystalline grain orientation               Figure 3: Crystal textures of four polycrystal  
distribution by using optical microscope                                     copper alloys 

Table 1: Statistically ratio of preferred orientation of four copper alloys 

Ratio (%) 
Cu-Ni-Si Cu-Sn-P Crystal 

orientation Component
Annealed 

alloy 
Rolled  
alloy 

Symmetric 
alloy 

Asymmetric 
alloy 

{112}(111) Copper 0.00 1.95 1.17 0.00 
{123}(634) S 0.00 4.66 0.00 0.00 
{110}(112) Brass 0.00 0.00 5.11 0.00 
{001}(100) Cube 64.23 0.00 0.01 0.04 
{001}(110) α-fiber 0.00 0.00 0.00 1.48 
{111}(110) γ-fiber 0.00 0.00 0.00 0.41 
{111}(112) γ-fiber 0.00 0.00 0.03 2.83 

( ) ( )∑−=
a

aa
ijkl

e
ijklij RDC γσ &*ˆ (17)
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We employed four copper alloys of Corson alloy and phosphor bronze (Cu-Sn-P) in the 
multi-scale FE analyses, such as a full annealed alloy and an annealed and rolled alloy of 
Corson alloy, named “Annealed Corson alloy” and “Rolled Corson alloy,” and a  symmetric 
and an asymmetric rolled alloy of phosphor bronze (Cu-Ni-Si), named as “Symmetric 
phosphor bronze” and “Asymmetric phosphor bronze.” Figure 2 shows optical microscope 
photos of the crystal grain distribution of four copper alloys. In this study, the crystal 
orientations measured by SEM-EBSD were introduced into integration points of the micro-
finite elements of the representative volume element (RVE). In the case of Corson alloy, we 
measured the crystal orientation distribution on the  surface by using SEM-EBSD and 
calculate to find a minimum number of crystal orientations (grains) to characterize the crystal 
plasticity constitutive law, which satisfied the periodicity of crystallographic morphology and 
constitutive law. Finally we found that 216 crystal orientations were enough for RVE – 
micro-FE model -. We used SEM-EBSD measured orientations for  “Annealed Corson alloy” 
and “Rolled Corson alloy.”  On the other hand, the rolled phosphor bronze is characterized as 
the extremely high strained crystal and then the difficulty of measurement. So we measure the 
crystal orientation distributions of before rolling and carried out multi-scale FE analyses of 
the symmetric and asymmetric rolling to obtain the crystal orientation distributions, which 
were used for “Symmetric phosphor bronze” and “Asymmetric phosphor bronze.” Figure 3 
shows these four initial crystal orientation distributions of RVEs and Table 1 shows the 
probability ratio of preferred orientation of four copper alloys. “Annealed Corson alloy” has 
the Cube orientation as the dominant texture, “Rolled Corson alloy” the S orientation, 
“Symmetric phosphor bronze” the Brass orientation, and “Asymmetric phosphor bronze” the 
{001}<110> orientation, respectively. These four textures, characterized by 216 crystal 
orientations, were assigned to the integration point of the micro FE models – RVEs – for 
multi-scale FE analyses of the sheet bending process. 

3.1 Material identification 

Figure 4: Stress-strain curves obtained by experiments and FE analyses using RVE-FE model 
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Die 

Sheet 

Punch 

Table 2: Material properties of crystal plasticity constitutive model 

Annealed 
Corson alloy 

Rolled 
Corson alloy 

Symmetric 
phosphor bronze

Symmetric 
phosphor bronze

n  0.13 0.08 0.01 0.01 

τ0 [MPa] 179.8 170.0  276.0 285.0  
h0 [MPa] 197.2 164.0  29.0 47.0  

Three crystal material parameters, τ0, h0 and n, of the hardening evolution equation (16) 
were identified by the least square method using FE simulation results of the uni-axial tension 
tests through the comparison with the experimental results. Figure 4 shows stress-strain 
curves obtained by the experiments of tensile test in the rolling direction (RD) and the multi-
scale FE results by employing 27 (= 3×3×3) micro FEs with 216 Gaussian integration points. 
Table 2 summarizes the crystal plastic material properties for four sheet metals. 

3.2 Bendability and springback property index 

 (a) Mesh refinement area at 
punch region

(b) Tool setup of macro FE model 
Figure 5: Tool setup and mesh refinement at punch region for FE analysis of bending test problem 

(a) Bendabitlity index             (b) Springback property index
Figure 6: Definition of bending index 

The bending tests were simulated by using the multi-scale FE code, which can be featured 
as the dynamic explicit crystallographic homogenized finite element methods -. Figure 5 (b) 
shows tool setup for the problem. The setup of the macro FE model consists of the die, punch 
and sheet metal. The die and punch is modeled as the rigid bodies for “V- bending”. The FE 
model of macro-continuum as the sheet metal employed 8-node iso-parametric solid element, 
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and a total number of finite elements was 765. The mesh division pattern of the sheet metal 
was composed of two regions, such as the fine and coarse regions. The fine mesh can predict 
the strain distribution and the shear band formations precisely, but it increases the 
computation time required to complete the simulation. Thus, we employed the fine meshes for 
the stress concentration and critical regions. Figure 5 (a) shows the fine FE mesh division 
region, which locates on the punch region, where the large deformations, high stresses and 
high strains could be occurred. The FE model of microstructure as the RVE polycrystal model 
was divided into 27 (= 3×3×3) 8-node solid elements with 216 crystal orientations.  

  We defined a surface wrinkle w as the macroscopic bendability index, and the springback 
angle ∆θ as the springback index as follows: 

(%)10021 ×
−

=
t

RR
w (17)

12 θθθ −=∆ (18)

where t is the initial sheet thickness, R1 and R2 are distance between top and bottom of the 
wrinkle from punch center and θ1 and θ2 are angles before and after the springback as shown 
in Fig. 6. The less value of w, the greater the bendability the sheet metal has. The less value of 
∆θ, the greater the springback property the sheet metal has. 

3.3 Bending process analyses 

                                            w =  0%                                                          w = 13% 
                                       Rmin/t = 0.25                                                   Rmin/t = 0.63 

 (a) Annealed Corson alloy                                (b) Rolled Corson alloy

                                            w = 17%                                                          w = 0% 
                                      Rmin/t =  0.40                                                    Rmin/t = 0.20 

(c) Symmetric phosphor  bronze                      (d) Asymmetric phosphor bronze 
Figure 7: Comparison of shear strain distribution in four polyclystal copper alloys 
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(a) Annealed Corson alloy

(b) Rolled Corson alloy
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Figure 8: Comparison of macro deformation and ODF analyses between experiment and analyses 
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Figure 7 shows comparisons of the shear strain distribution and w value by using the results 
of our multi-scale FE analyses and Rmin /t value by using the results of experiments. The 
smaller the Rmin /t value, the greater the bendability the sheet metal has. In the numerical 
results, Annealed Corson alloy and Asymmetric phosphor bronze show a high bendability 
because of low w value and uniform strain distributions. On the other hand, Rolled Corson 
alloy and Symmetric phosphor bronze show poor bendability because of high w value and the 
shear band formation. In the experimental results, Annealed Corson alloy and Asymmetric 
phosphor bronze also show high bendability. Therefore, we confirmed that the numerical 
results show good agreement with the experimental results.  

In the Corson alloy, we compare macroscopic plastic deformation and microscopic texture 
evolution between experimental results and numerical results in Annealed Corson alloy and in 
Rolled Corson alloy, in detail. Figure 8 shows the comparison between experimental results 
and numerical results of macro deformation and micro ODF results in the case of two Corson 
alloys. In the case of experiment, we measured the crystal orientation distribution by using 
SEM-EBSD and compared of ODF results in the yellow square. In the macro deformation, in 
the case of Annealed Corson alloy show uniform straining both experiment and analyses. On 
the other hand, in the case of Rolled Corson alloy shows shear band formation in 
experimental and also shows shear strain localization in the analysis. Therefore, in macro 
deformation the numerical results show good agreement with the experimental results. In the 
texture evolution after deformation, in the case of Annealed Corson alloy, Cube orientations 
still remain both experimental results and numerical results after bending. This means that 
uniform slip deformation occurs. Therefore Cube dominant texture shows high bendability. 
On the other hand, Rolled Corson alloy shows concentrate toward the Copper orientation both 
experimental results and numerical results after bending. Comparison of ODF results between 
experiment and multi-scale FE analysis agrees very well. Therefore, our analysis code can 
predict macroscopic bending deformation and microscopic texture evolution precisely, so our 
method is available method in bending process. 

3.4 Springback analyses
We analyzed the springback after the bending by removing the die. Figure 9 shows a 

comparison with the rolling direction stress distributions before and after the springback. 
After unloading, compared with before unloading, four copper alloy sheets show stress 
relaxation. This means that springback finished completely. Rolled Corson alloy and 
Symmetric phosphor bronze which have poor bendability components show smaller ∆θ value 
than Annealed Corson alloy and symmetric phosphor bronze which have high bendability 
components. Furthermore, FE analyses reveal that high bendability material does not 
necessarily have high springback property. It is considered that process design to generate 
optimum texture in bendability and springback property are available method. 
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1.

-1.2

[MPa
]

        θ1 = 90.92°                         θ2 = 95.79°                      θ1 = 91.15°                     θ2 = 94.93°
(a-1) Before springback      (a-2) After springback      (b-1) Before springback      (b-2) After springback 

    ∆θ = 4.87°                                                                     ∆θ = 3.78°
(a) Annealed Corson alloy                                                (b) Rolled Corson alloy

          θ1 = 93.44°                       θ2 = 95.46°                         θ1 = 93.33°                     θ2 = 95.40° 
(c-1) Before springback     (c-2) After springback      (d-1) Before springback      (d-2) After springback 

    ∆θ = 2.02°                                                                     ∆θ = 2.07°
(c) Annealed Corson alloy                                             (d) Rolled Corson alloy

Figure 9: Comparison of RD stress distribution in four polyclystal copper alloys before and after springback 

4 CONCLUSIONS 
In this study, crystalline homogenized finite element procedure, based on the dynamic 

explicit method, was applied to analyze bending test problem for copper alloy bendability 
assessment. We studied relationship between the crystal orientation and bendability by using 
seven single crystal models. We compared between experimental results and numerical results 
by polycrystal Corson alloy and phosphor bronze to verify availability of our multi-scale code. 
The macro- and micro-finite element analyses reveal the bendability as follows: 

- In our multi-scale bending analyses, Annealed Corson alloy which has Cube 
orientation dominant texture and Asymmetric phosphor bronze which has 
{001}<110> orientation dominant texture show high bendability. On the other hand, 
Rolled Corson alloy which has S orientation dominant texture and Symmetric 
phosphor bronze which has Brass orientation dominant texture show poor bendability. 
These result show good agreement with experimental results. 

- In Corson alloy, in the case of Annealed Corson alloy which has Cube orientation 
dominant texture, Cube orientations still remain. On the other hand, Rolled Corson 
alloy which has S orientation dominant texture shows concentrate toward the Copper 
orientation. These result also show good agreement with experimental results. 

- Annealed Corson alloy and Asymmetric phosphor bronze which has high bendability 
texture show low springback property. On the other hand, Rolled Corson alloy and 
Symmetric phosphor bronze show high springback property. Furthermore, FE 
analyses revealed that high bendability material does not necessarily have high 
springback property.  
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