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Abstract Based on the macroscopic constitutive models
(MCCM), the Gurson damage model is introduced to
build the mesoscopic constitutive models (MSCM) with
anisotropy Gurson-Hill1948 and Gurson-Y1d2003 dam-
age models. The damage parameters of the Gurson-
Hill1948 and Gurson-Y1d2003 damage models using or-
thogonal analysis and inverse computed methods are
discussed and compared with experimental and simula-
tion results obtained using the user subroutine VUMAT
implemented by Lin. The corresponding sensitivity of
the damage parameters was obtained by orthogonal
analysis, then these optimized damage parameters could
describe the mechanical performance for 08Al sheet
with 1 mm thickness. Basically, the simulation results
are in accordance with the experiment results. The dam-
age parameters of the Gurson-Hill1948 and Gurson-
Y1d2003 constitutive models are explored to describe
the deep-drawing deforming process, failure perfor-
mance and obtained equivalent stress, equivalent plastic
strain, thickness, damage distribution, and the influence
of the friction coefficient during the deep-drawing
process.
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1 Introduction

The demand for energy conservation has led the auto-
motive industry to find new materials and plastic-
forming methods to reduce the weight of vehicle body
structures. Deep drawing is one of the mostly widely
used forming processes to manufacture automotive body
parts from sheet metal. Although the deep-drawing pro-
cess is simple and popular in the industry, it produces
cups at limited drawing ratios (not exceeding 2.2) be-
cause of the drawing resistance from the flange portion
and the maximum tensile force at the wall of the semi-
drawn cup. Many techniques have been adopted to
achieve a higher drawing ratio as well as to increase
production efficiency and obtain good-quality parts. To
explore the new forming process of the metal sheets, a
fundamental understanding of the forming limit of the
sheet metal is necessary. At the same time, the charac-
teristics of the metal sheet should be discussed. In order
to increase the failure ratio, it is necessary to use FEA.
The success of the simulation depends on the capacity
of the constitutive models’ respective material parame-
ters to accurately reproduce the mechanical behavior.
During the deep-drawing process, it is easy to think the
influence of the anisotropy on the simulation results. Many
anisotropy yield models were proposed to describe the initial
anisotropy and identified from the mechanical properties, such
as Hill1848 [1], Barlat 2000 [2] yield models. Hill [1] pro-
posed for the first time the anisotropy yield function, which
was subsequently called the Hill1948 yield function. This

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00170-016-9873-9&domain=pdf

1644

Int J Adv Manuf Technol (2017) 91:1643-1659

Fig. 1 The specimen for 08Al

sheet with 1 mm thickness
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63,

yield function cannot accurately describe the anisotropy of the
aluminum and copper alloys. To improve the predictive pre-
cision of the materials, R-Hill proposed several yield func-
tions. Hill [3, 4] proposed two yield functions; this method
belongs to the lower-order yield function.

p(o) = \/; (F(Uzz)z + G(on)* + H(o11—0m) + N0f2>
(1)

Where 0! = (01, 029, 715)/MPa;

F, G, H, and N are the parameters of the yield function.

This method is used to calculate the initial yield stresses Y,
and Y}, also the stress-based method, and it can be written as
shown in the following equations:
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Fig. 2 The true stress-true strain under uniaxial tension
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The ¢ = (0, 45, 90) is the orientation angle of the tensile test
specimen’s longitudinal axis relative to the original rolling
direction. Y, is the initial yield uniaxial stress with the same
testing method.

Barlat proposed some anisotropy yield functions [2, 5] that
were widely applied in simulating the plastic-deformation pro-
cess; these functions belong to the higher-yield functions.
They took a yield function to describe the behavior of sheet
metals exhibiting planar anisotropy and subjected to plane
stress conditions. It can approximate plastic potential calculat-
ed with the Taylor/Bishop and Hill theory of polycrystalline
plasticity for stress states. Aretz [6] thought that anisotropy
influences the major stress; he proposed Y1d2003 yield func-
tion and used this function in the damage model. He changed
Hosford’s [7] yield function as the following equation:

o0) = i[5 (I

Where

o, | _ @on + aon \/{a3011—a4022}2
P = + + 6
02} 2 2 4571, (6)
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Table 1  Isotropic hardening equation parameters for the 08Al sheet
Direction No. Yield stress = Hardening  Enhancement
(deg) (MPa) O index n factor K (MPa)
0 1 170 0.016 0.281 586.7

o 17 0.016 0.277 579.7
45 1 184 0.016 0.271 589.8

o 181 0.015 0.271 588.7
90 1 181 0.017 0.271 575.6

o 175 0.015 0.275 576.1
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Table 2 The mechanical performance for the 08Al sheet

Direction ~ Young module  Poisson’sratio  x value R value
0 197 0.28 1.0000 1.66
45 1.0704 1.38
90 1.0440 2.19
EB 1.0462 1.65
o, o1+ o2 \/{06011—617022}2
by =——""+ — +ag0 7

7, } 2 2 s @)

a, ... ,ag are parameters of material.

The yield function considered in this subsection is fre-
quently called “Y1d2003-2d” and was developed [5, 8]. The
previous literature shows the influence of anisotropy on de-
formation process. At the same time, some additional phe-
nomenon will also be discussed by using the different consti-
tutive equations. Shang et al. [9] focused on the development
of pore shape anisotropy during sintering forging. They inves-
tigated the evolution of pore anisotropy and grain growth in
hierarchical porous ceramics during sinter forging. There is a
clear difference between the preferential orientation of the
extrinsic and intrinsic pores. Xue et al. [10] used the
Y1d2000 [2] and Hill1948 [1] yield functions to create the
constitutive equation. At the same time, they tried to use a
method to calibrate the parameters of the constitutive equa-
tions. Bandyopadhyay et al. [11] discussed that finite element
simulations were conducted using the Barlat-89 [5] and
Hill1948 [1] anisotropy yield criteria coupled with theoretical
FLD to evaluate LDR and deep-drawing behavior of three
parent materials and two TWBs of DP steels. Taherizadeh
et al. [12] compared three models for simulation forming of
anisotropy sheet metals containing a non-AFR with both yield
and potential functions in the Hill form with different calibra-
tion, an AFR with a non-quadratic yield function of Y1d2000
[2], a non-AFR non-quadratic yield function of Y1d91 [13],
and plastic potential function of Y1d89 [5]. Safaei et al. [14]
presented a plane stress anisotropy constitutive model with
mixed isotropic—kinematic hardening. Quadratic Hill1948
and non-quadratic Y1d2000-2d yield criteria were considered
in a non-AFR model to account for anisotropy behavior.
Moayyedian and Kadkhodayan [15] introduced a modified
Y1d2000-2d II inserting the modified Y1d2000-2d and
Y1d2000-2d in place of yield and plastic potential functions,

Table 3  The parameters of Y1d2003 function

m Qg Qi Qs Qg Qs Qg Qg Qg

6 09427 1.1133 0.9454 0.7693 1.2705 1.0436 1.1123 0.9384

respectively, to model anisotropy pressure-sensitive sheet
metals.

Basically, ductile failure in metals occurs because of the
nucleation, growth, and coalescence of voids [16, 17]. Voids
are nucleated in metals mainly by decohesion at the particle—
matrix interfaces or by micro-cracking of second-phase parti-
cles (see, for example, Tvergaard [18]). Additionally, voids
nucleate in single crystals that contain neither pre-existing
voids nor inclusions. Thus, the ability to accurately describe
the evolution of voids in a ductile metal is necessary to accu-
rately predict its failure. Deep-drawing steel is considered a
porous media. Guo et al. [19] explored a modified Rousselier
model and introduced a calibration procedure of the damage
parameters. This model describes the evolution of the fracture
by using the initial void volume fraction and the shear damage
parameter. In this paper, the void theory is used to explain the
failure process. Xu et al. [20] used a modified Gurson-
Tvergaard-Needleman (GTN) damage parameter to explore
the clinching process and the failure mechanism and to de-
scribe the evolution of the failure. The Gurson model has been
proposed to describe plastic deformation for such types of
materials. This model has attracted significant attention, and
various modifications have been proposed. Lin [8] imple-
mented the Hill1948 [1] and Y1d2003 [6] yield functions to
build macro-constitutive equations. However, their disadvan-
tage is that they cannot describe the sudden force decline using
the macro-constitutive equation. The Gurson damage model
was widely applied in simulating the deformation of the ma-
terial. In the work of Malte et al. [21], an explicit finite element
model of the deep drawing of a paperboard was developed by
using a custom yet simple material model that describes the
anisotropy and plasticity of paperboard. This model was
found to predict the experimental results with reasonable ac-
curacy up to the point when wrinkling began to dominate the
material response. Lin et al. [22] showed that a new type of
passive-pressurized hydro-mechanical deep-drawing (PHDD)
tool with two pistons was designed and manufactured. Further
analysis shows that the design of the new tool is reasonable
and the hydraulic pressure used in all experiments is in good
agreement with the analytical results using ABAQUS/Explicit
subroutine. Lin et al. [23] proposed a maximum shear stress-
calculating method called shear failure criterion. This ap-
proach used the advanced constitutive models, including the
Hill1948 [1] and Y1d2000-2d [2] yield functions and several
types of isotropic hardening models.

The present study used Lin’s model to calibrate the consti-
tutive equations and discuss the parameters of the deep-
drawing process. Section 2 introduces these constitutive equa-
tions. At the same time, the parameters of these constitutive
equations are calibrated by using orthogonal analysis and in-
verse computing. According to this result, it shows how many
factors affected the force and the displacement, and then the
optimization damage parameters will be obtained. Section 3
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Table 4 The parameters and the - -
levels Level ¢ 92 Jo (A) Sy B e LD ok KE  n®
1 1.539 1.794 0.0001 0.1 0.030 0.6 0.03 10 550 0.259
2 1.539 1.794 0.0005 0.1 0.035 0.65 0.04 10 560 0.269
3 1.539 1.794 0.0008 0.1 0.040 0.70 0.05 10 570 0.279
4 1.539 1.794 0.001 0.1 0.045 0.75 0.06 10 580 0.289
5 1.539 1.794 0.008 0.1 0.050 0.8 0.07 10 590 0.299
Table 5 The results of
orthogonal design A B C D E F Force Gap force Displacement Gap displacement
1 1 1 1 1 1 1 3875.5036 125.0636 40.071 3.639
2 1 2 2 2 2 2 3302.75 447.69 36.577 0.145
3 1 3 3 3 3 3 3550.1231 200.3169 35.127 1.305
4 1 4 4 4 4 4 3500.1023 250.3377 34.775 1.657
5 1 5 5 5 5 5 3400.75 349.69 35.114 1318
6 2 1 2 3 4 5 3245.7756 504.6644 35.662 0.77
7 2 2 3 4 5 1 3879.1253 128.6853 38.7705 2.3385
8 2 3 4 5 1 2 3750.1103 0.3297 38.113 1.681
9 2 4 5 1 2 3 3465.7791 284.6609 36.552 0.12
10 2 5 1 2 3 4 3795.1102 44.6702 36.747 0.315
11 3 1 3 5 2 4 3575.2013 1752387 36.723 0.291
12 3 2 4 1 3 5 3775.1209 24.6809 38.553 2.121
13 3 3 5 2 4 1 3674.8931 75.5469 38.554 2.122
14 3 4 1 3 5 2 3679.1542 71.2858 36.221 0.211
15 3 5 2 4 1 3 3877.2143 126.7743 37.551 1.119
16 4 1 4 2 5 3 3751.2371 0.7971 36.773 0.341
17 4 2 5 3 1 4 3681.5102 68.9298 36.779 0.347
18 4 3 1 4 2 5 3451.2307 299.2093 37.11 0.678
19 4 4 2 5 3 1 3840.1631 89.7231 38.992 2.56
20 4 5 3 1 4 2 3514.0942 236.3458 35.777 0.655
21 5 1 5 4 3 2 3575.1261 175.3139 33.691 2.741
22 5 2 1 5 4 3 3591.234 159.206 36.759 0.327
23 5 3 2 1 5 4 3423.5697 326.8703 35.972 0.46
24 5 4 3 2 1 5 3555.3289 195.1111 35.275 1.157
25 5 5 4 3 2 1 3689.1524 61.2876 34.965 1.467
Table 6 Extreme difference
analysis (force) A B C D E F
K1 17,629.229 18,022.84 18,392.23 18,054.07 18,739.67 18,958.84
K2 18,135.9005 18,229.74 17,689.47 18,079.32 17,484.11 17,821.23
K3 18,581.5838 17,849.93 18,073.87 17,845.72 18,535.64 18,235.59
K4 18,238.2353 18,040.53 18,465.72 18,282.8 17,526.1 17,975.49
K5 17,834.4111 18,276.32 17,798.06 18,157.46 18,133.84 17,428.21
k1 3525.8458 3604.569 3678.447 3610.814 3747.933 3791.768
k2 3627.1801 3645.948 3537.895 3615.864 3496.823 3564.247
k3 371631676 3569.985 3614.775 3569.143 3707.129 3647.118
k4 3647.64706 3608.106 3693.145 3656.56 3505.22 3595.099
kS 3566.88222 3655.264 3559.612 3631.492 3626.767 3485.641
R1 190.471 85.27884 155.2501 87.41664 251.1108 306.1263
Rank 3 6 4 5 2 1
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Fig. 6 Effect of process parameters on the strength of the sheet for 08Al

compared the simulation results with the experiment results to
explore the change of some important parameters.

2 Calibration of constitutive equation

The different macro-constitutive equations have different pre-
cise simulations. The macro-constitutive equation based on
the second-order Hill1948 [1] yield function describes the
initial yield stress and the R value. To improve the precision
of the macro-constitutive equation, this paper introduces the
higher-order Y1d2003 [6] yield function that describes the
initial yield stress and R value. On the basis of the two
macro-constitutive equations, it combined with the Gurson
damage model to build the micro-constitutive equation
to predict the sudden force decline after sheet instability.
Selecting a suitable yield function to improve constitu-
tive model precision is an important task. In this paper,
Hill1948 [1] and Y1d2003 [6] yield functions were used.
At the same time, two yield functions were combined
with the Gurson damage model to build two micro-

Table 7  Extreme difference analysis (displacement)

A B C D E F

K1 181.664 182.92 186.908 186.925 187.789 191.3525
K2 185.8445 187.4385 184.754 183.926 181.927 180.379
K3 187.602 184.876 181.6725 178.754 183.11 182.762
K4 185431 181.815 183.179 181.8975 181.527 180.996
K5 176.662 180.154 180.69  185.701 182.8505 181.714
k1 36.3328 36.584  37.3816 37385  37.5578 38.2705
k2 37.1689 37.4877 36.9508 36.7852 36.3854 36.0758
k3 37.5204 36.9752 36.3345 35.7508 36.622  36.5524
k4 37.0862 36363  36.6358 36.3795 36.3054 36.1992
k5 353324 36.0308 36.138  37.1402 36.5701 36.3428
R? 2.188 14569 12436  1.6342  1.2524  2.1947
Rank 2 4 6 3 5 1

@ Springer

constitutive equations. Basically, the constitutive equa-
tion of the material included the elastic—plastic macro-
constitutive model, isotropic hardening model, plane an-
isotropy yield equation, and damage model.

2.1 Calibration of macro-constitutive model

The material parameters of the constitutive models were
identified from the mechanical test data. The experimen-
tal stress—strain curves were obtained from uniaxial ten-
sion tests in three different directions (0°, 45°, and 90°
with respect to RD). The material used in this study is
08Al sheet. The initial specimen size is shown in
Fig. 1. The specimens with the geometry were cut ac-
cording to the different rolling directions. At the same
time, quasi-static tests were conducted at room temper-
ature using a 20-kN Instron universal testing machine.

Figure 2 shows the true stress and true strain curve under
uniaxial tension for the different rolled directions where an-
isotropy is shown. In this paper, the influence of anisotropy is
discussed. A standard value of £ = 197,000 MPa was applied
for Young’s modulus based on the assumption that plastic
incompressibility, true stress, and true strain were determined
from the nominal stress and strain with the well-known rela-
tions e=In(1+e) and o=s5(1+e¢), while plastic strain was
calculated as €= —o/E. True stress and plastic strain were
from ABAQUS. Isotropic hardening equation parameters for
08Al sheet are shown in Table 1. The segment functions were
used to represent each individual true stress plastic strain
curve.

K- (zp)n (zoszp ®)

The previous papers discussed some constitutive models to
describe the performance of the materials. Normally, a
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Fig. 7 Effect of process parameters on displacement during the tensile test

constitutive model comprises hardening behavior, damage
model, flow behavior, and yield function. So in this paper,
Hill1948 yield function and Y1d2003 yield function were
discussed to get the macroscopic constitutive models
(MCCM) and the mesoscopic constitutive models (MSCM).

2.2 Yield functions

The anisotropy parameters for the rolled 08Al sheet are report-
ed in Table 2. The mechanical behavior anisotropy demon-
strated a significant improvement in changing the rolling
route. Table 3 shows the parameters of the Y1d2003 function
obtained by using the LM algorithm.

2.2.1 The evaluation of all yield functions

Figure 3 shows the comparison for Hill1948Y, 1948r,
and Y1d2003 with regard to yield shape. Figure 3a—c
shows that the yield surfaces of Hill1948Y and

Hill1948r are close to the ellipse, while the yield sur-
face of Y1d2003 is not. A larger difference exists

500 -

400

—u— GapForce .
300 4 /

f .-/\//\/ \/\\

Gap-Force(N)

between using the initial yield stress ratio and the thick
anisotropy to determine yield locus; the yield surface of
Hill1948Y is close to that of YId2003 as shown in
Fig. 3d. At the same time, no obvious change occurs
for Hill1948 yield locus with the increase in shear stress
015, but change happened in the Y1d2003 yield locus.
The predictive value was compared with the experimental
value for the initial yield stress ratio and R value of Hill1948Y,
Hill1948r, and Y1d2003, respectively, as shown in Fig. 4.
Figure 4 shows that for the Hill1948Y function, the predictive
stress value is in accordance with the experimental value when
the initial yield stress ratio ensures the yield function. For
Hill1948r yield function, the yield function based on the R
value accurately predicts the R value, but great difference
occurs in predicting stress. For the Y1d2003 yield function,
the yield function accurately predicts not only the R value
but also stress. According to Fig. 4a, the Hill1948Y and
Y1d2003 yield functions obtain the same predictive values.
The Hill1948r and Y1d2003 yield functions are in accordance
with the experimental point, but some differences in the other
regions are shown in Fig. 4b. The best reason is that Hill1948r
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Table 8 The optimized the parameters for the 08Al

Table 10  The damage parameters of the MSCM for the 08Al

A B C D E F

Damage model ¢, e h Sy v en fe K

G-Hill1948 4 1 4 2 5 3

is a second-order yield function but Y1d2003 yield function is
a high-order yield function (m = 6). This paper uses the
Hill1948 yield function to represent Hill1948r.

2.3 Calibration of the mesoscopic constitutive models

At present, the damage parameters and the index of the hard-
ening behavior is dependent on FE for comparison simulation
results with the experimental results. Basically, the trial-and-
error method is an important method to obtain these parame-
ters; however, the orthogonal analysis is discussed in this pa-
per to get the damage parameters and the index of the hard-
ening behavior.

The sensitivity of the damage parameters is explored
as follows. Figure 5 shows the 2D model. On the basis
of the symmetry, a 1/4 model was used. To accurately
describe the tensile process, the displacement was as-
sumed to be 50 mm.

If Swift equation is regarded as hardening behavior, these
parameters (K, n) need to be ensured. At the same time, these
parameters (f, f,En,and f, ) are calibrated. f, and Sy are
the natural performance of the materials. For low-carbon steel,
(f0, Sy)=1(0.001,0.1). In this paper, an orthogonal analysis
method is proposed to arrange simulation time and assess
results.

2.4 Orthogonal design

After ensuring the sensitivity of the damage parameters, to
reduce validity time and evaluate a group-suitable damage
parameter, a specially designed analysis procedure is needed.
Wen et al. [24] presented a response surface optimization of
the clinching tools. The Taguchi method is a powerful and is
the most commonly used technique for experiment design.
Thus, in the following sections, FE simulation and orthogonal
design were used to identify the damage parameters of the
Gurson-Y1d2003 and Gurson-Hill1948 damage models in
terms of tensile force and displacement.

Table 9  The mechanical performance of the MSCM for 08Al

Damage model E(GPa) v k K n =

0
Gurson-Hill1948 197,000 028 400 5849 0281 0.016
Gurson-Y1d2003 400 5919 0289 0.016

Gurson-Hill1948 1.539  1.794 0.001 0.1 0.035 0.75 0.041 10
Gurson-Y1d2003 1.539  1.794 0.001 0.1 0.030 0.82 0.0375 10

Based on a comprehensive view of FEM analysis and rel-
ative references, the key damage parameters of Gurson-
Y1d2003 and Gurson-Hill1948 in orthogonal design include
the initial void volume fraction (f;), void volume fraction at
nuclear (fy), mean (), critical void volume fraction (f..), hard-
ening coefficient (K), and enhancement factor (1), and other
parameters that are fixed [8]. An orthogonal array table is
expressed as L,5(5%) with an establishment of six 5-level fac-
tors as presented in Tables 4 and 5.

Extreme difference analysis (Table 6) for the maxi-
mum force was introduced to find out how much the
factors affect the maximum force. Table 6 is the result
of analysis, and Fig. 6 shows the effect curves of the
factors. It is obvious that n is the most important factor
that influences the maximum force.

Extreme difference analysis (Table 7) for the maximum
displacement was introduced to find out how much factor
affect the maximum displacement. Table 7 is the result of
analysis, and Fig. 7 shows the affected curves of the factors.
Apparently, n is the most important factor that influences the
displacement. At the same time, it can be found that the initial
void volume fraction # is also an important factor that influ-
ences the displacement.

According to these conclusions, we select a group of pa-
rameters that came from 25 time simulation results as a group
of optimized parameters, since the maximum force and the
maximum displacement cannot valuate which parameters are
right to describe the performance of the 08Al sheet. Figure 8
shows the min-gap force, which means that the force from the
simulation is close to the experiment results. At the same time,
the min-displacement from simulation is close to the experi-
ment results. It is easy to find that the gap force and the dis-
placement of the 16 specimens are close to the experiment
results. According to the above analysis, Table 8§ was
obtained.

Table 11  The contact state during the deep drawing
Contact Main Slave Friction
surface surface coefficient
Interaction-punch Punch Blank 0.13
Interaction-die Die Blank 0.10
Interaction-blank Blank Blank 0.10
holder holder
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Table 8 shows the optimized parameters for the 08Al using
the Gurson-Hill1948 damage model. There are some differ-
ences between the experiment and the simulation by using
Gurson-Hill1948 damage model, so it is necessary to re-
optimize the performance parameters and the damage param-
eters. Analysis shows how many factors affected the force and
the displacement. The second optimization results are shown
in Tables 9 and 10. The experimental result is in accordance
with the simulation result using the Gurson-Hill1948 damage
parameters as shown in Fig. 9. The same method was used to
get the parameters of the Gurson-Y1d2003, so the detailed
procedure will not be shown in this paper.

Based on the above discussion, the damage parameters of
Gurson-Y1d2003 and Gurson-Hill1948 are obtained as shown
in Table 9 (mechanical performance of the MSCM for 08Al

Fig. 10 3D model of deep-
drawing specimen

Displacement/mm

sheet) and Table 10 (damage parameters of the MSCM for
08ALl sheet). These parameters were used to describe the uni-
axial tensile process. Basically, the simulation results are in
accordance with the experimental results. Figure 9 shows that
the Gurson damage model including Gurson-Y1d2003 dam-
age model and Gurson-Hill1948 damage model can accurate-
ly describe the tensile process. So, in the following discussion,
these damage parameters will be used to describe the deep-
drawing process.

3 Results and discussion

According to the second section, the MSCM including
Gurson-Hill1948 and Gurson-Y1d2003 damage models was

Blank Holder
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Fig. 11 Experiment results and simulation results. a Blank. b The different diameters (80, 85, 90, 95, and 98). ¢ The drawing force and drawing height

curve (1/4 mode). d Diameter 95 with qualified and failure samples

used to study the deep-drawing deformation process. During
the deep-drawing deformation process, some factors and pa-
rameters will be discussed. In metal—plastic simulation, deter-
mining suitable contact state plays an important role in the
deformation process. Figure 10 shows that the 3D model of
the deep-drawing specimen have three contact surfaces, in-
cluding the contact surface between the punch and the sheet
(interaction-punch), the contact surface between the blank
holder and the sheet (interaction-holder), and the contact sur-
face between the die and the sheet (interaction-die).

In ABAQUS, the main and slave surfaces must be consid-
ered. The friction coefficient is an important parameter that

@ Springer

influences the simulation results. The sheet bears a slight nor-
mal force during the deep-drawing process, so the Coulomb
friction model was used. Rigid shell elements are utilized to
model the tools: die, punch, and blank holder. The contacts
between blank—die, blank—punch, and blank—blank holder are
modeled as surface to surface. Karupannasamy et al. [25]
showed a growing interest in developing contact models to
predict the nature of friction conditions for use in FE calcula-
tions. A model is implemented to describe the friction behav-
ior and deformation of surfaces for loading. The model has
been compared with data from experiments using a rotational
friction tester under multiple loading conditions. Zhang et al.
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Fig. 12 The key failure parameter distribution on the sheet on the
uniform deformation and inhomogeneous deformation (STH express
thickness and SDV3 express damage parameters). a Hill1948 yield

[26] show that the friction coefficient between the sheet and
the tools is close to 0.15-0.20. Table 11 shows the contact
state during the deep drawing.

When the MCCM is used, the failure mode is described on
the basis of the thickness change. When the MSCM is used,
the failure mode is described according to the void volume
fraction f. This 3D model is similar to the experiment except
that the external surface of the sheet and the margin is without
any hydraulic pressure. During the deep-drawing process, five
size cups will be obtained. The maximum drawing ratio for
the 08ALI sheet is not more than 2.6. During drawing experi-
ment, it has a great significance to deform the diameter of the
blank being 80, 85, 90, 95, and 98 mm. In this paper, the 95-
mm diameter sample is regarded as subject to research. In this
experiment, a series of experiments are performed for 1.0 mm
thickness 08AI sheet with different diameters using the new-
type HDD process tooling on the XP-S-500 universal hydrau-
lic system [8].

Figure 11 shows the comparison between the simulation
results and the experiment for drawing force and drawing
height using different constitutive equations including
Hill1948, Y1d2003, Gurson-Hill1948, and Gurson-Y1d2003.
Figure 11a shows a blank. Figure 11b shows the different
diameter samples (80, 85, 90, 95, and 98 mm), but the 95-
mm diameter sample is regarded as a simulation model to be

STH

(Avg: 75%)
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+9.043¢-01
+8.433¢-01
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(b) Y1d2003 yield function
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+4.545¢-03
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+5.128e-04

(d) Gurson-Y1d2003 damage model

function. b Y1d2003 yield function. ¢ Gurson-Hill1948 damage model.
d Gurson-Y1d2003 damage model

discussed. As shown in Fig. 11c, the sheet with a 95-mm
diameter was broken near 7/2 of the plastic-coat corner at
the filet corner of the die during deep drawing. At the same
time, the drawing force of the MCCM and the MSCM using
the same yield function are close before the failure. Although
the parameters of the isotropic hardening equations of the
MCCM and the MSCM are not the same, their predictive
values are the same. When the MCCM is used, the drawing
force changes with the changing of the height, but it cannot
describe the decline phenomenon of the drawing force when
the crack happened. When the MSCM is used, the decline
phenomenon of the drawing force is described when the sheet
is broken. A larger difference is observed between the predic-
tive and the experimental results when using the different
yield functions of the MCCM and the MSCM. Figure 11d
shows the good and failed samples with the failure phenome-
non at the bottom and the flange.

The distribution of the key failure parameters on the
sheet of the uniform and inhomogeneous deformations at
some point are shown in Fig. 12. STH (thickness) is an
important parameter describing the failure process during
the simulation process using the MCCM as shown in
Fig. 12a, b. The other damage parameter, SDV3 (), also
describes the failure process during the deep-drawing
process as shown in Fig. 12¢, d. If the MCCM is used,
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Fig. 13 The equivalent stress of Mises and the constitutive model during the mechanical-hydraulical assistance. a Hill1948 yield function. b Y1d2003
yield function. ¢ Gurson-Hill1948 damage model. d Gurson-Y1d2003 damage model

it cannot describe the stage when the drawing force is

suddenly equal to 0 but can describe the gradual decline  tant in describing

process. Indeed, this result does not meet the actual

@ Springer

situation. In the MSCM, the damage parameter is impor-

the deep-drawing process because it

can describe the sudden change of force to 0.
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For the sample with a 95-mm diameter, two equivalent
stresses including Mises and the constitutive equation are cal-
ibrated as shown in Fig. 13. Figure 13 shows that a larger
difference between the equivalent stress is obtained from the
Hill1948 and Y1d2003 yield functions and from ABQUS. At
the same time, the equivalent stress computed from the higher-
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(c) Gurson-Hill1948 damage model

Gurson-Y1d2003 damage model

order yield function is smaller than that of the lower-order
yield function. The equivalent stress of the MSCM is smaller

than that of the MCCM.

As shown in Fig. 14, the simulation results of the
MSCM of Gurson-Hill1948 and Gurson-Y1d2003 are
better than those of the MCCM of Y1d2003 and
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Fig. 15 The thickness distribution based on the different constitutive equations. a Hill1948 yield function. b Y1d2003 yield function. ¢ Gurson-Hill1948

@ Springer



1656

Int J Adv Manuf Technol (2017) 91:1643-1659

Fig. 16 Thickness testing. a
Deep-drawing specimen. b FE
model

Curveline

(a) deep drawing specimen

Hill1948 yield functions. The predictive value of the
MSCM is close to the experiment results. The preceding
discussion shows that simulation results using the high-
order yield function Y1d2003 are in accordance with the
experimental results in predicting the maximum drawing
force. Therefore, the MSCM of Gurson-Hill1948 is
more precise than the MCCM of the Hill1948 yield
function. The advanced constitutive equation improves
the precise numerical analysis.

The preceding discussion shows that normal anisotropy
coefficient » changed with the increased equivalent plastic
strain during the deep-drawing process. In this paper, the nor-
mal anisotropy coefficient r is fixed. The change of the normal
anisotropy coefficient influences the height of the deep draw-
ing, especially as it affects the precision of the constitutive
model made by the Hill1948 yield function. The use of the
MCCM and the MSCM made of the higher-order yield func-
tion decreases the influence of the normal anisotropy coeffi-
cient for drawing force and drawing height in obtaining the
precise simulation results.

1.200

(b) FE model

1. The thickness distribution

For the deep-drawing technique, thickness distribution is
one of the most important parameters in the present literature.
Thus, one valuable test accuracy method is to compare the
thickness obtained by the simulation results with the thickness
obtained by the experimental results. The thickness distribu-
tion obtained by the numerical analysis is shown in Fig. 15. To
check the simulation accuracy of the thickness distribution, a
test method was conducted as shown in Fig. 16. The black
point expresses the test point, and the curves along these black
points are used to draw the curve of the thickness distribution.
In Fig. 16Db, the center of the disk of the cup is considered the
origin from the distance between the two adjacent points.

Al = \/(xi+1_xi)2 + (yi+l_yi)2 + (zir1-2)° )

Finally, the simulation and the experiment thickness ob-
tained are shown in Fig. 17. As shown in this figure, the

Fig. 17 The comparison between
the simulation and experiment for
the thickness distribution with

95 mm diameter
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Gurson-Hill1948 damage model
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Fig. 18 The damage parameter distribution finishing the deep drawing

predictive precision of the MSCM made by the Gurson dam-
age equation is higher than that of the MCCM, but a larger
difference exists between the predictive and the test thickness
values for the four constitutive equations at the corner of the
punch. The result shows that the normal anisotropy coefficient
7 is not constant and changes with increasing deformation. In
other words, the predictive results are dependent on the accu-
racy of the constitutive equation.

2. The damage parameter distribution

The damage parameter distribution is discussed first
as shown in Fig. 18 because checking the distribution is
difficult. A comparison of Figs. 13 and 18 shows that
the damage parameter distribution is dependent on the
equivalent strain distribution. The red region in Fig. 18
indicates a serious wrinkling region for the experimental
sample. Figure 18 does not indicate the realized damage
parameter distribution according to Fig. 17, and the
damage parameter distribution is shown in Fig. 19.

0.014

Failure location

Gurson-Y1d2003 damage model

SDV3
SNEG, (fraction = -1.0)
(Avg 75%)

+1.287¢-01
+1.180e-01

3. The influence of the friction coefficient

In metal forming, especially in the deep-drawing pro-
cess, the reduction of the friction between tool and
sheet is an important task. Brosius and Mousavi [27]
proposed that the deep-drawing process is an important
way to save resources in the current industry. A method
was presented to eliminate lubrication in the deep-
drawing process by means of a new macro-structured
tool design. Although the contact conditions between
the tool and sheet material influences the coefficient of
friction in forming processes, the coefficient of friction
is often treated as a constant Coulomb friction coeffi-
cient in FE simulation.

Some studies show that the friction force between the
sheet and the die and the blank prevents the finishing of
the deep-drawing process. In this paper, the decrease in
hydraulic pressure proved the influence of friction force.
To explore the influence of friction force, this paper
assumes that the friction coefficient between the sheet

Fig. 19 The damage parameter
distribution along with the curve

of Fig. 16b 0.012 4
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Fig. 20 The influence of the 30 ‘ T
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and the die and the blank holder is equal to 0, 0.05,
0.10, and 0.15, respectively. At the same time, the
Gurson-Y1d2003 damage model is used. The deep-draw-
ing—force-drawing heights are shown in Fig. 20. As
shown in this figure, the friction coefficient has a sig-
nificant influence on the drawing height and force. The
friction coefficient is close to the friction coefficient
between the sheet and the die.

The preceding analysis results show that the MSCM using
the normal anisotropy Gurson damage equation obtains better
numerical analysis accuracy. In deep drawing, the process
window is limited by the occurrence of wrinkles and bottom
cracks. Elimination of lubrication increases friction forces,
and thus deep drawing is increased. In the future, selecting a
suitable lubrication to improve deep-drawing quality is an
important task.

4 Conclusions

The macroscopic constitutive model and the mesoscopic con-
stitutive model are used to describe the deep-drawing process.
A big difference shows that the mesoscopic constitutive model
cannot only describe the force-displacement curve but also
describe the failure phenomenon during the deep-drawing
process. At the same time, an optimization method of the
calibration of damage parameters was also proposed. Based
on the preceding findings, the following conclusions are
obtained:

1. Based on an 08Al sheet with 1-mm thickness, the me-

chanical performance of this specimen in different rolled
directions is tested to check the anisotropy of materials.

@ Springer
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The normal anisotropy yield function and isotropy are
obtained. These parameters proved that an obvious differ-
ence exists when the Hill1948 yield function was used to
predict the normal anisotropy of material; the Y1d2003
yield function describes the initial yield stress and the
normal anisotropy coefficient. The yield equation locus
using the Y1d2003 and the Hill1948 yield functions show
that shear stress o, has a great influence on the yield
locus.

2. The damage models of the Hill1948 and Y1d2003 equa-
tions and extended Gurson-Hill1948 and Gurson-
Y1d2003 damage models are built. The ABAQUS/
Explicit user’s subroutine explores the constitutive equa-
tion of the 08Al sheet. The orthogonal analysis was used
to reduce the simulation times and to study the simulation
results using the scientific method. This method obtains
the damage parameters of the Gurson-Hill1948 and
Gurson-Y1d2003 by comparing the force and displace-
ment change. Furthermore, the MSCM cannot only de-
scribe the failure location but also the sudden drawing
decline, whereas the MCCM cannot.

3. The accuracy of the simulation of the deep-drawing pro-
cess is explored. Comparing the simulation results with
the experimental results, we discussed the sample with a
95-mm diameter. The MCCM is built by the higher-yield
function Y1d2003 and the MSCM based on the anisotropy
of Gurson damage predicted several technique parame-
ters. At the same time, the different friction coefficients
explored the influence of the simulation results, showing
that accuracy is improved when the friction coefficient is
0.1t0 0.15.
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