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Analysis of FCC sheet metal forming with rate independent
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Abstract: A rate independent polycrystalline plasticity constitutive model considering self and latent hardening was de

veloped. Next, a new orientation probability assignment method was proposed and the crystal orientations were assigned

to FE integration points, which represent crystals and can rotate individually. Then cup drawing of FCC aluminum sheet

was studied using crystalline plasticity finite element analysis. The results show that the validity of proposed model is

proved through comparison between numerical results and experimental ones. {001} (110) texture can lead to earing at
45° direction, while {124} {211) texture at 0° and 90° directions. For the rolled aluminum sheet, which contains strong
{001} <110 texture, earing is formed at 45° direction after cup drawing. For the annealing aluminum sheet, due to the

balance between two main textures, the flange earing tendency is not obvious.
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1 INTRODUCTION

The anisotropy of sheet metal exerts an evident
influence on the formability. It is well known that
the plastic anisotropy of sheet metal is usually caused
by crystallographic texture, which is developed dur-
ing mechanical deformation and heat treatment.
Therefore the texture should be taken into considera
tion in the sheet metal simulation for a higher accura-
cy.

In recent years, great progress has been made in
the technology of the crystalline plasticity finite ele-
ment analysis of sheet metal forming, in which the
texture is introduced through the measured crystal
morphological data. Anand et al'' simulated earing in
cup drawing of single crystal FCC material. Naka

[27] developed an elastic/ polycrystalline

machi et al
viscoplastic finite element program and applied it to
the formability analysis of sheet metal. In the above
researches, the authors applied a rate-dependent crys-
tal model, without dividing slip systems into active
and inactive sets. In fact, the slip systems are acti-
vated according to the resolved shear stress on each of
them.

In this study, a rate-independent polycrystalline
plasticity model is developed and introduced into dy-
namic explicit element method. A “successive inte-
gration method” used to determine slip system is ap-
plied to calculation of the plastic strain in this model.

Self and latent hardening is taken into account, and
an orientation assignment method is proposed. Then
cup drawing of aluminum sheet is simulated with the
developed rateindependent polycrystalline plasticity
FEM program. Flanging earing tendencies with dif-
ferent initial orientations are discussed.

2 RATE INDEPENDENT CRYSTALLINE PLAS
TICITY FEM

2.1 Crystalline plasticity constitutive equation
For a slip system s, the initial normal vector of
the slip plane is defined by m'*, and the unit slip di-

()

rection vector by n During the plastic deforma-

tion, the crystalline lattice rotates. Then these vec
tors become m" ) and n” (¥,
The plastic deformation ratio of tensor D and

rotation tensor P are
M M
P (s)u(s) _ s) ul(s)
D; = Z‘LJ v, o = Z‘W(f L 1)

where ¥ is the strain rate on the slip system s,
M is the total number of slip systems, and

1

L&js): z(m?(-‘)n;(-‘)_l_ n;(-?)m§s)) (2)
s l *(s) * (s * (s s
vy(lj): 2(Ini()nj()_ nj()mg)) (3)

The strain rate of deformation tensor Djj can be
decomposed as

Dj= Dj+ D}, (4)
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Then the crystalline plasticity constitutive equa
tion can be expressed as

M
0= Cinu( Du- ij)y(s)) (5)
s= 1

v
where  0; is the Jaumman rate of Kirchhoff stress

tensor, Cjy is the elastic constitutive tensor.

2.2 Calculation of plastic deformation
The resolved shear stress in the slip system s can
be calculated with

1= Ly (6)

The Schmid law is given by

sgn( V) U=k, (7)
where k; is the critical yielding stress on the slip

system s.
The active slip system can be judged through the
follow ing conditions:
sgn( TY) ¥ 20
sgn( TY) T < k,
The key problem of the rate-independent formu-
lation of crystal plasticity is the possible occurrence of
redundant constrains due to active slip systems. In
order to solve this problem, a “successive integration

for active slip systems
for inactive slip systems

method”!™ is introduced. For all slip systems, the
following differential equations are introduced:

2G+(dX,/dP)= Y, (8)
where P ( 20) is a monotonously increasing param-
eter such as time, G is shear modulus, and

X,= sgn( TY) ¥ (9)

Y= sgn( T(S)) ngs) 05— ks (10)

The above equations are successively integrated
under the following conditions.

1) Initial condition: X,= 0 at P=0

2) Constraint condition: when the value of X,
becomes negative during the integration, set X,= 0.

Continue the above integration until X, remains
unchanged. Then each slip system belongs to one of
the following two groups:

1) X;> 0 and dX,;/dP= O for active systems;

2) X;= 0 and dX,/dP< O for inactive systems.

The algorithm for the numerical computation is
as follows:

1) set ¥9= 0 and D% = 0;

2) calculate trial stress with Eqn. (5);

3) calculate the trial resolve shear stress in each
slip system with Eqn. (6);

4) determine the potentially active systems that
satisfy Y, 20;

5) obtain dX; from Eqn. (8) and we have

Yo, dp= Ypt dV (11)

6) amend DY by Eqn. (2) and update k, by

hardening law;

7) if the convergence of D¥% is not attained, re-

turn to step 2).
2.3 Hardening law

During plastic deformation, more than one slip
system are activated at the same time, and the slip in
each slip system has an effect on the hardening of all
systems. The hardening evolution equation in slip
system s is expressed as

Ts: Z}ls,tl Ytl ( 12)

h, .= h(Y)gq,, (13)
where h; , is the hardening coefficient, VY is the ac
cumulated shear strain of all the slip systems, ¢, , is
the interaction matrix describing the self and latent
hardening.

Pierce et al'” expressed ¢, ; with a simple form

as
q..:= q+ (1= q) &, (14)
where ¢ is the ratio of latent hardening to self hard-
ening, which is assumed as
1, Coplanar
=11-1.4 Nonr coplanar

2.4 Orientation probability assignment method

In this study, crystals are represented by FE in-
tegration points. The orientations determined from
the measured ODF (orientation distribution function)
data and expressed in term of Euler angles, should be
assigned to FE integration points.

The orientation distribution function f ( g) can
be divided into two parts: normal distribution and

random distribution, then it can be written as''"

f(g)=file)+ 2fi(e) (15)

where f.(g) is the random distribution function,
and f;(g) is normal distribution function, represent-
ing the main texture component with a peak density.

For a main texture component g;, the volume
fraction % of a spreading space around this peak posi-
tion can be obtained:

1 2
B = —Zi (1= - &5 1
5 ]_[ZS [1- exp( /4)] (16)

where Z; is the multiplicity factor, S; is the peak
ODF value of this texture component, and ¢; is the
disperse width.

Here, the fraction of the crystal numbers N {” is
assumed to be equal to that of volume in each spread-
ing space:

N = N
N
where N " is the crystal numbers in the ith spreading

= ¢ (17)

space and NV is the total number of crystallites in the sam-
ple. Then the ODF data can be randomly assigned to the
FEM integration points one by one.

3 FE ANALYSIS OF CUP DEEP DRAWING

Above rate-independent polycrystalline plasticity
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model is introduced into dynamic explicit FEM proce-
dure! ', and a cup drawing problem is adopted to in-
vestigate the texture effect on the earing.

The schematic view of the cup drawing process is
shown in Fig. 1. The rolled and annealing pure alu-
minum sheets are selected to study the relation be
tween the preferred orientation and earing.
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Fig. 1 Geometry and dimension of cup drawing

Pole figures are measured with an automated X-
ray texture goniometer at half thickness of the sheets.
ODF data expressed with Euler angles g( ¢, ¢ &)
are computed from three incomplete pole figures
({111}, {200} and {220})'"™™. The experimental
ODF data for rolled and annealing aluminum sheets
are illustrated in Fig. 2. As shown in Fig. 2, the
rolled sheet contains mainly strong {001} {110) tex-
ture, while the annealing one consists of both rela-
tively {001} <110) and {124} <211 texture compo-

nents.

(b)

Fig.2 ODF data of initial rolled and annealing sheet
(a) —Rolled sheet; (b) —Annealing sheet

Based on the above theory, initial orientations
are assigned to FE integrations and the cup drawing
process of these two sheets is simulated. Other mate-
rial properties for FCC aluminum are assumed as: e
lastic modulus £ = 69 GPa, Poisson ratio U= 0. 3,
sheet thickness t= 0.7 mm. Only a quarter of circu-
lar sheet is needed in the calculation because of sym-
metry, and the sheet is divided into 770 fournode
Mindlin shell elements.

The calculated flange configurations after form-

ing are shown in Fig. 3. The cold rolled aluminum
sheet shows a strong earing tendency, while the an-
nealing one has no obvious earing tendency.

Fig. 3 Earing configurations after deep drawing

corresponding to different materials
(a) —Rolled sheet; (b) —Annealing sheet

The ODF figures after draw ing can be drawn ac-
cording to the calculated orientations at integration
points which represent crystals. Comparisons of cal-
culated ODF results of these two sheets after forming
with experimental ones are shown in Fig. 4 and Fig.
5, respectively. Good consistency can be found. The
numerical results have a little stronger congregation
and higher ODF peak values. After deep drawing,
the {001} €110) texture decreases, and the { 124}

{211) texture increases.
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(a

Fig. 4 ODF contour lines of rolled aluminum cup
(a) —Numerical; (b) —Experimental

To investigate further the effect of texture on
the earing, two ideal sheets, one containing 100%
{001} <110) texture and the other 100% {124} 211
texture, are considered and the forming process of
them is simulated. Deformed configurations are
shown in Fig. 6. It can be seen that single
{001} <110) texture can result in earing in 45° direc
tion and single {124} <211) texture can result in ear
ing in 0° and 90° directions.

Since the {001} €110) texture in rolled alu-
minum sheet is much stronger than {124} 211) tex-
ture and takes more volume fraction, which leads to a
strong anisotropy( earing) formed in 45° direction af-
ter drawing. The annealing sheet contains stronger
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Fig. 5 ODF contour lines of annealing

sheet after forming
(a) —Numerical; (b) —Experimental
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Fig. 6 Earing configurations after deep drawing

corresponding to different textures
(a) —{001} {1107 texture; (b) —{124} 211) texture

{124} <211 texture than {001} {110) texture, but
for the {001} {110) texture takes more volume frac-
tion, so a balance between the effect of these two tex-
tures can be obtained and no obvious earing is found.

4 CONCLUSIONS

1) A rateindependent polycrystalline plasticity
constitutive model is developed and introduced into
dynamic explicit finite element code. An orientation
probability assignment method is implemented for the
direct use of measured ODF data to the crystalline FE
modeling. The FE analyses show a good consistency
with the experimental observations, through which
the capacity of proposed polycrystalline plasticity
model to predict sheet metal formability is confirmed.

2) Numerical analyses reveal that the {001}
(110) texture can result in earing at 45° direction,

while the {124} (211 texture at 0° and 90° direc
tion. For the rolled aluminum sheet, which contains
strong {001} {110) texture, earing is formed at 45°
direction after cup drawing. For the annealing alu-
minum sheet, due to the balance between two main
textures, the flange earing tendency is not obvious.
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