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Abstract. In order to predict necking and fracture phenomena, a crystal plasticity model is introduced in the finite element analysis of ten-
sile tests. Grains having different orientations are subjected to numerical tensile tests. A damage model is also proposed to predict the
sudden drop of load carrying capacity after necking and to reflect the void nucleation and growth on the severely deformed region. From the
analyses of tensile test, the necking and fracture phenomena are well predicted.
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1. INTRODUCTION

In sheet metal forming processes, necking and fractures
need to be accurately predicted in order to make defect
free products. A forming limit diagram (FLD) [1-3] is a
well-known and powerful measure for fracture prediction.
In the ordinary stamping process, the necking strain and
the fracture strain are almost the same because deforma-
tion after necking takes place in very local regions and
averaged strain in a grid can be measured. The FLD ob-
tained with averaged strain in a grid, therefore, can be used
in the prediction of fractures in general sheet metal form-
ing processes such as stamping and deep drawing.

In specific sheet metal forming processes such as the
incremental forming process, however, local fracture strain
is important because the deformation takes place in very
local regions. The local deformation is considered to be
the main reason of the formability improvement in incre-
mental sheet metal forming. In most tensile tests, elonga-
tion, engineering strain, and true strain are measured with
a gauge attached on the specimen and the values are aver-
aged. However, the local fracture strain is far greater than
the averaged one.

In order to investigate the fracture behaviour after neck-
ing, tensile test is subjected to the finite element analysis
based on crystal plasticity and damage evolution. Without
the evolution of damage, or material softening due to the
damage, the sudden drop of load carrying capacity cannot
be described [4]. Nielsen and Tvergaard [4] analysed
necking and fracture behaviour of friction stir welded
sheets using the modified Gurson model [5]. In the ductile
fracture model, damage evolution is described by void
nucleation, growth and coalescence [6]. Void nucleation,
growth and coalescence are modelled by mathematical
equations and many coefficients have to be decided in
order to use the experimental data.

In this study, it is assumed that voids or cracks are nu-
cleated where stress is concentrated by orientation mis-
match. Each grain has its own orientation. Therefore, the
orientation of one grain does not coincide with that of its
neighbour grains and stress concentration may take place.
To analyse the stress concentration inside a grain, crystal
plasticity is introduced in the analysis of the tensile test.
Crystal plasticity is widely used to predict material behav-
iour such as anisotropy development, twinning, and crack
initiation. Yoon et al. [7] studied the anisotropic hardening
behaviour of cube textured aluminium alloy sheets using
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the crystal plasticity model. Choi et al. [8] analysed the
stress concentration on the grain boundary and the twining
behaviour of Mg alloys. They used electron backscatter
diffraction (EBSD) data to allocate the grain orientation to
the regular mesh. Dao and Li [9] predicted crack initiation
in bending using the crystal plasticity model. They used
the representative volume element (RVE) method to as-
sign the orientation to regular elements. Lin et al. [10]
predicted the crack propagation path near the crack tip
under cyclic loads.

In this study, the crystal plasticity finite element method
is employed to predict necking and fracture behaviour. A
damage model is also proposed to describe the sudden
drop of tensile load carrying capacity. From the analysis
results, it is shown that the proposed damage model based
on crystal plasticity describes the fracture behaviour and
void nucleation well.

2. THEORY

2.1. Crystal plasticity model

The crystal plasticity model accounts for the deforma-
tion of a material by crystallographic slip and for the reori-
entation of the crystal lattice. In this work, a rate-
dependent TBH model, which was well described by Dao
and Asaro [11], is employed. The deformation gradient [F]
is decomposed into a plastic deformation ([F”]) and a
combination of elastic deformation and rigid body motion
of the crystal lattice ([F°]), i.e.,

(F1=[FI[F"]. 1)

Equation (1) leads to the decomposition of the deforma-
tion rate, [L], into elastic and plastic parts as

(L]=[L°] +[L"]. ()

Since the plastic deformation is assumed to be due to
dislocation slip, the plastic deformation rate [L] is deter-
mined by the summation of the shear strain contribution
over the entire slip system [11], as

[L7]=3 16"} ") (€))

(s)

Here, (s) means a slip system, and {#n")} and {b'} are
the normal to the slip plane and the vector in the slip direc-
tion, respectively. The symmetric ([D]) and skew symmet-
ric ([W]) parts of the velocity gradient can be written as:
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[D”] =%(LP] +[LP]T )= E};(S) %Gb(s)}{n(s/} " {n(S)}{b(s)}]’ (4a)
(s)
7= (- 3 - ) (4b)

(s)

The Jaumann rate of the Kirchhoff stress can be ex-
pressed in terms of the total deformation rate and the plas-
tic part as

(7] =[K}(DHD "1)=[W ") [x]+[x]- W *1, &)

where [K] is a fourth-order tensor based on the anisotropic
elastic modulus [C]. Incorporating Equations (4a) and
(4b) into Equation (5), the Jaumann stress rate becomes

[t]=[K]:[D]- (E P [Re)s (6)
s)

where [R()] is a rotation tensor that depends on the slip
plane normal and direction. Equation (6) is used to update
the stress at the integration point after the unknowns 4%

are solved at the slip system level. The determination
process of the unknowns § is described in detail in the

work of Yoon et al. [7].

2.2. Damage model

Wierzbicki et al. [12] intensively reviewed the predic-
tion capability of various damage models. Johnson and
Cook [13] defined the critical equivalent fracture strain as
a monotonic function of the stress triaxiality. Wierzbicki et
al. [12] assumed that fracture occurs when the accumu-
lated equivalent plastic strain, modified by the function of
the stress triaxiality and the deviatoric state parameter,
reaches the critical value. Cockcroft and Latham [14]
proposed a damage model as a function of principal stress
and effective strain. In this study, a new damage model is
proposed as follows.

o,de
D~ %]_—A;” for g, za, and d ¢ =0, . 7
0 for a,<a, or d g<0
D=[dD ®)

In Equation (7), o, is the critical major stress over
which damage starts to accumulate and Ae¢, is the plastic

strain amount from damage initiation to fracture. In this
study, Ae¢, is called the “degradation plastic strain”. If the

major stress is less than the critical stress, or if the defor-
mation along the major stress is compressive, the damage
increment is zero. o, and Ae, are material parameters that

should be determined.

3. ANALYSIS MODEL FOR TENSILE TEST

3.1. Finite element model

To predict necking and fracture phenomena, tensile
tests for a 6022-T4 aluminium alloy sheet are subjected to
the finite element analysis based on the crystal plasticity
model. The crystal plasticity model and the damage model
described in the previous chapter are implemented into the
finite element code ABAQUS/Explicit [15] via a user-
defined material subroutine (VUMAT). For the analysis of
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the stress concentration due to the orientation mismatch,
the element size should be smaller than the grain size and
a great number of elements are needed for the whole ten-
sile specimen. For computational effectiveness, therefore,
the analysis domain is reduced, as shown in figure 1. Ten-
sile displacements are imposed for the upper and lower
faces. For the left face of the selected domain, displace-
ment along the x-direction is set to zero. No boundary
condition is imposed on the right face.

500 .
At / "
N
T
Thickness : 50

Unit: | m

Figure 1. Definition of analysis domain and boundary
conditions for tensile test.

Figure 2 shows the grain shapes and element discretiza-
tion. Grain shape is assumed to be a regular hexagon and
grain size is assumed to be about 40 um. Each grain is
discretized by about 45 elements, as shown in figure 2(c),
and the same orientation angles are allocated to all ele-
ments in each grain. The elements in each grain are sorted
in one group and orientations are allocated. Figure 3 shows
the contour of ‘-cos(¢)’, where ¢ is the second Euler angle.
It is shown that the same orientation angles are allocated to

(a) (b) (©)
Figure 2. (a) Grain shapes, (b) element discretization, and
(c) detailed view of element shape.

Figure 3. Contour of “-cos(¢)” showing the correct alloca-
tion of orientation angles.

3.2. Material properties
A 6022-T4 aluminium alloy sheet is used in the analysis.
Basic mechanical properties obtained by tensile test along
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the transverse direction are shown in table 1. The slip
resistance of all slip systems at one material point is taken
to be the same. The slip system hardening is assumed to
follow the macroscopic hardening behaviour. Through
several trial analyses, the average Taylor factor is deter-
mined to be 2.253 and the following hardening equation is
used for the slip system hardening.

7,y =1973 (£+0.002 )", 9)

Figure 4 shows the analysed stress-strain curve using
the slip system hardening of Equation (9). The curve is in
good agreement with the measured curve. Figure 5 shows
the (111) pole figure for the 6022-T4 aluminium alloy.
The pole figure is measured using standard X-ray diffrac-

tion techniques and orientation imaging microscopy (OIM).

Table 1. Mechanical properties of 6022-T4 aluminium
alloy sheet along the transverse direction.

Uniform elongation 23 %
Total elongation 28 %

UTS 295.7 MPa
Hardening : LS 44‘(‘)'(6)3\;9"1
o=K(e+e) il :

n 0.257
Ana\lysis
-
5 \
E Measured (Experiment)
% / S’ip System (Input)
Z P
N
E /
=
|

00 004 008 012 016 020 0.24
True strain

Figure 4. Comparison of stress-strain curves obtained by
analysis and experiment.

111 pole figure. ...

Figure 5. (111) Pole figure for 6022-T4 sheet sample.

4. SIMULATION RESULTS AND DISCUSSION
Figure 6 shows the major stress distributions at several
time stages. As expected, stress concentration takes place
at many points. This stress concentration is considered to
be caused by orientation mismatches between neighbour
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grains. As tensile strain increases, the stress concentration
also becomes bigger until the stress reaches the critical
value. If the major stress becomes greater than this critical
value, damage starts to accumulate and stress is lowered
by softening. In figure 6, it is interesting that the local
major stress in some regions is far greater than the fracture
stress measured by tensile tests. This means that the local
stress can be far greater than the averaged global stress.
Figure 7 shows the evolution of damage in the case of
0,=500 MPa and A¢,=0.1. When the global true strain is

0.145 (Figure 7(c)), the damage value starts to accumulate
at many points. This can be correlated with the concept of
void nucleation. When the global strain is 0.210 (Figure
7(d)), the damage values starts to accumulate at more
points and the damaged area increases. This is similar to
void growth. When the global tensile strain is 0.241 (fig-
ure 7(e)), some damaged regions get together and this is
similar to void coalescence. Figure 7(f) shows that fracture
takes place on the slant, as usual for a ductile material. As
a result, figure 7 shows the void nucleation, growth and
coalescence process very well.
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Figure 6. Major stress distributions when (a) & ,~0.000,
(b) £1,=0.075, (c) €,,=0.145, (d) £,,=0.210, (e) £,,=0.241
and (f) ,,~0.272.
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Figure 7. Damage value distributions when (a) ¢; ,~0.000,
(b) £1,=0.075, (c) €,,=0.145, (d) £,,=0.210, (e) £,,=0.241
and (f) ,,~0.272.

In order to investigate the effect of the critical stress
and the degradation plastic strain on the damage evolution,
the deformed shapes and the damage distributions are
shown in figure 8. In the case of low critical stress (figures
8 (a) and (b)), two narrow fracture bands are formed in the
early stage of the tensile test; these bands are almost per-
pendicular. As the critical stress increases, the localized
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deformation band becomes wider. In the case of figures 8
(c)~(e), only one fracture band is shown. The degradation
plastic strain value has not much effect on the fracture
band width and direction. However, the degradation plas-
tic strain has an effect on the strain localization speed.

5. CONCLUSIONS

The necking and fracture behaviours of 6022-T4 alu-
minium sheet are analysed based on a crystal plasticity
model. To describe the sudden drop of load carrying ca-
pacity after necking, a damage model is proposed. Stress
concentration is observed at many points due to the orien-
tation mismatch at the grain boundary; this stress concen-
tration causes damage initiation and evolution. The void
nucleation, growth and coalescence phenomena are well
described by the proposed methodology. Finally, the neck-
ing and fracture behaviours are also well predicted. With
this methodology, it is shown that micro-cracks during
forming can also be predicted
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Table 2. Predicted uniform elongation and total elongation.
Uniform elongation (%) Total elongation (%)
Ter Ae,=0.1 | Ag,=03 | Ae,=0.1 | A, =03
300 MPa 6 8 8 10
400 MPa 12 16 14 19
500 MPa 22 25 25 28
550 MPa 27 27 30 30

Uniform and total elongations predicted by the finite
element analyses are shown in table 2. From a comparison
of the data in table 2 with the experimental data shown in
table 1, the critical stress and degradation plastic strain are
determined to be 500 MPa and 0.1, respectively.
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