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Abstract. In Crystal Plasticity Finite Element Method (CPFEM), normally over thousands Euler
angles are used. It leads to high computational cost. To efficiently solve this problem, a reduced
texture approach was implemented through User MATerial Interface (UMAT). Specific material
parameters including the texture information were calibrated to characterize anisotropic behavior.
For the calibration, it is used the stress-strain curves and r-values along the rolling, diagonal, and
transverse directions. In this study, AA 2090-T3 was modelled with the reduced texture approach
by characterizing 12 parameters. Single element simulation result from the reduced texture
approach shows a good agreement with the experimental data. In addition, a deep drawing
simulation for AA 2090-T3 was performed. The simulation results from the reduced texture
approach were compared with those from the advanced constitutive models such as Y1d2000-2d
and Y1d2004-18p in terms of accuracy and time efficiency. It shows a great potential that the
reduced texture approach based on the crystal plasticity theory could be applied to macroscopic
engineering problems as an alternative solution for continuum level advanced constitutive
models.

1. Introduction

In large scale engineering applications, many grains are employed for CPFEM leading to texture
mapping problems. The major issue is how to map the intensive information of crystallographic
orientations to integration points. In the view of computational cost, it is inefficient to use the huge
amount of grains in CPFEM. Therefore, an effective way of mapping of crystallographic orientations to
the integration points is recommended for the large scale CPFEM.

Many research has been devoted to achieve reasonable computational cost with the reduction of
crystallographic orientations. Among them, a reduced texture methodology was proposed by Rousselier
etal. [1, 2]. In the work, a strongly anisotropic and an initially isotropic material were firstly attempted
with the self-consistent model. Moreover, the ductile fracture of sheet metals and the multi-axial
deformation with the strength-differential effect were predicted with the reduced texture methodology
[3, 4]. However, many parameters were required to implement the reduced texture methodology.

In this study, a reduced texture approach was implemented with simple crystal plasticity constitutive
model instead of the self-consistent model. Therefore, the humber of parameters was reduced. To
describe anisotropic behavior, total 12 parameters were calibrated using a single element simulation. In
addition, a circular cup drawing simulation was performed and simulation results were evaluated in
terms of accuracy and time efficiency.
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2. Crystal plasticity model
In this study, the crystal plasticity model described by Yoon et al. [5] was used. Total deformation

gradient (F) is decomposed into the elastic (F") and plastic (F®) parts as shown in Equation (1).
F=FF° Q)

The velocity gradient (L) is also decomposed into the elastic (L") and plastic (L") parts, i.e.,
L=F-F'=F-(F) +F-F-(F") (F) =L +L @)

Because the plastic velocity gradient is the result of the shear strain contributions over all the slip
systems, it can be expressed as:

NSYS

P = Z}}(a)s(a) Qm® 3)
a=1

where NSYS is the number of the slip systems, 7' is the slip rate, and s’ and m"’ are the vectors

along the slip direction and normal direction of the slip plane. When the constitutive relations are
formulated, the objectivity should be satisfied. The Jaumann rate is generally used as the objective stress
rate and the Jaumann rate of the Kirchhoff stress was well derived by Kim and Yoon [6]. After
calculating the Jaumann rate of the Kirchhoff stress, the stress state at the grain level is updated, i.e.,

T, ,=R-T - R" + Att 4)

where 1 is the Jaumann rate of the Kirchhoff stress and R is the rotation tensor which is obtained from
the polar decomposition .

In this study, rate dependent hardening behavior was used to compute the slip rate and the
phenomenological models were employed as follows:

1
m

(a)
}'/(a) — }}0 . gr(sz) . Sign(z.r(;:)) (5)

where y is the reference slip rate, rr(:) is the resolved shear stress, m is the rate sensitivity, and g(“)

is the slip resistance. Also, the slip resistances are evolved as follows:

NSYS

g = h” || ©)
p=1
h” =gh+(@1-q)hs,, @)
h=h_+(h —h )sech’ Ku] - 7/:| ()
g, -0,

where h ,h are the initial and saturated hardening rates, g ,g_ are the initial and saturated value of
the slip resistances, q describes the latent hardening, and y is the summation of the slips over all the
slip systems. In addition, the stress state at integration point level is volume averaged:
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6= fo 9)

where N indicates the number of grains in each integration point, g means each grain, and f_is the
volume fraction of g .

3. Reduced texture approach

3.1. Experimental data

In this study, AA 2090-T3 was modelled. The stress ratios (s, = o, / o, ) where o, indicates the stress
anisotropy in & degree from the rolling direction and r-values were measured from the tensile tests
conducted along the rolling, diagonal, and transverse directions. The results are shown in Table 1 [2].
However, the complete experimental data does not exist. The experimental data were built by using the
yield stress ratios, r-values, and the stress-strain hardening curve along the rolling direction. Therefore,
the stress-strain curves in € degree from the rolling direction were defined as:

0.227
5, =646(0.025+2") s (10)

(4

In addition, the transverse strain curves are shown in Figure 1(b) assuming that r-values are independent

of the strain value. All of the data were builtupto " = 0.28 to implement large strain results into deep
drawing simulations.

Table 1. Experimental results of AA 2090-T3.

Rolling Diagonal Transverse
Stress ratio 1.0000 0.8148 0.9115
r-value 0.20 1.57 0.70
0.25
= 5001 J— = RD EXP
o T T 8 0.20- DD_EXP
'g'_ 4001 I::.:AA ....:::....... cw A TD EXP
= anlas . 0.151 * =
; 300—:::::.0“ = ...'
o® = Q
% 2001 = RD_EXP @ 0101 s AAAA“
> ® A
g 100- ° DD_EXP = 0.05- ... AAA‘A .
= + TD_EXP
0 T T T T T 0.00 T T T T
000 005 010 015 020 025 0.30 000 005 010 015 020 025

Figure 1. Experimental data used for parameter calibration: (2) stress-strain curves; (b) transverse strain

curves.

3.2. Calibration

Parameters were calibrated with Abaqus2016/Standard and Isight2016. The experimental data used for

True strain g1

(a)

parameter calibration were as follows:

True strain (-)es3

(b)
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@ Stress-strain curves along the rolling, diagonal, and transverse directions
®Transverse strain curves along the rolling, diagonal, and transverse directions

Total six curves were used for material characterization. For material constants, the rate sensitivity was
set to m =0.04 because the aluminium alloy is almost rate independent at the room temperature. For

the reference slip rate, y = 0.001 [ /s] was employed. Elasticity tensor constants for aluminium alloy

were setto C=108000,C , =62000,C, =28300 [MPa]. Inthe framework of the reduced texture

1111
approach, there are some parameters related to crystallographic orientations. As shown in the result of
Rousselier et al. [1], two texture representatives were employed. For orthotropic symmetry, each texture

representative consists of four grains which are expressed as (¢, ¢ ¢,), (-0, ¢ -9,),

1122

(p, —¢ ¢,), and (-p, -4 -¢,). Therefore, total eight grains were included in each
integration point. In conclusion, the parameters to be calibrated were as follows:

®Slip resistance (h,,h_,9,,9, , four parameters)

®Grain information ({(p1 (1),4(2),9, (l)},{(pl (2),0, (2),(01(2)}, f (1), seven parameters)
®[ atent hardening ( , one parameter)

Total twelve parameters were calibrated for the material characterization. In addition, q was bounded

between 1 and 1.4 [7]. Although it is hard to find the exact latent hardening parameter with only tensile
test, it was used as a fitting scheme. Then, Single element tensile simulation was conducted for the
parameters’ calibration.

The calibrated parameters are shown in Table 2. Figure 2 shows the stress-strain and transverse
strain curves from the experimental data and simulation results. The reduced texture approach (CP)
shows a good agreement with the experimental data.

Table 2. Results of the calibrated parameters.

9, [MPa] 9. [MPa] h, [MPa] h, [MPa] q f (1)
99.69 130.21 199.32 37.23 1.0470 0.0882
o [ g I°] ?, (1) [] @ (2) [ #(2) I[°] ?,(2) [
62.66 13.59 51.02 51.08 32.07 4.58
— 500+ 025 = RD_EXP
< e DD_EXP
o » 2 5020 A TD_EXP
= iy PYY L1 -~ ——RD _CP
= annest®™ ~ 0.15. ——DD_CP
S 300 = RD_EXP £ ——TD_cP
2 e DD _EXP <
= 200- s TD_EXP o 0109
s ——RD _CP 3
E 1004 _DD_CP — 0.05-
= —— 71D CP
0 : : : ‘ ‘ 0.00 : : : :
000 005 010 015 020 025 0.30 000 005 010 015 020 025
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Figure 2. Experimental data and simulation results: (a) stress-strain curves; (b) transverse strain curves.
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4. Deep drawing simulation

A circular cup drawing simulation was conducted to evaluate the applicability of the reduced texture
approach for the large scale engineering problems. The schematic view of the circular cup drawing
simulation is illustrated in Figure 3. The dimensions and process variables are specified in Table 3 [8].

D,
D
[N
Blank holder Punch
NN '-'

Figure 3. Schematic view of the cup drawing simulation.

Table 3. Dimensions and process variables for the cup drawing simulation.

Dimension [mm]

Punch diameter (D)) 97.46
Die opening diameter (D, ) 101.48
Blank diameter (D,) 158.76
Fillet radius (1) 12.70
Initial blank thickness (t,) 1.60
Process variables
Coulomb coefficient of friction 0.1
Blank holding force [kN] 22.2

Because the material was assumed to be orthotropic symmetry, only a quarter section of the blank was
analyzed. Total 2400 and 100 elements were employed for C3D8R and C3D6, respectively.

Two comparisons are following; First, the earing profile from the reduced texture approach was
compared with that from the Y1d2000-2d [9] because both of them used the stress ratios and r-values
along the rolling, diagonal, and transverse directions. Second, the computational time from the reduced
texture approach was compared with that from the Y1d2004-18p since they are based on 3D solid
element. The results are shown in Figure 4 and Table 4, respectively. Although the experimental r-value
in 75 degree was not used in the reduced texture approach, the current model can predict six earing
including a small ear along 15 degree which comes from the r-value in 75 degree from the rolling
direction. In addition, the predicted earing profile shows a good agreement with the experimental data.
Moreover, the computational time from the current model was less than twice that from the Y1d2004-
18p.

5. Conclusion

In this study, the reduced texture approach was employed to apply the crystal plasticity theory to large
scale engineering problems with reduced computational cost. Specific parameters including texture
representatives were calibrated and anisotropic behavior of AA2090-T3 was well described. It is
concluded that the reduced texture approach could be a good alternative way to advanced continuum
constitutive models such as Y1d2000-2d or Y1d2004-18p in terms of time efficiency and accuracy.
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Figure 4. The experimental and predicted cup height.

Table 4. Normalized simulation time (wallclock time) between the models.

Y1d2004-18p Reduced texture approach

Normalized simulation time 1.000 1.817
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