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Highlights

* The evolution of plastic flow after strain-path changes is measured experimentally under various
strain paths in an A6022-T4 Al alloy sheet.

* After abrupt change, the plastic work increment of 4.0 MJ - m™3

is necessary before the plastic flow
can be represented by the associated flow rule again.

* The temporal deviation from the associated flow rule after abrupt change occurs because the stress
ratio cannot follow the change of the direction of plastic strain rate.

* Eventual plastic flow is the same regardless of path change if the final strain paths are identical.
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Abstract

The plastic deformation behavior under various strain-path changes in an A6022-T4 Al alloy sheet was
studied, focusing on the evolution of the direction of the plastic strain rate 8 and the stress ratio ¢
after abrupt strain-path changes. A cruciform specimen was used to measure the evolution of the plastic
deformation behavior after abrupt strain-path change experimentally. Before the strain-path change,
the deformation was represented well by the associated flow rule with the Y1d2000-2d yield function
and isotropic hardening assumption. After the abrupt path change, the deformation temporarily
deviated from the associated flow rule, and it could be represented again by the associated flow rule

after the plastic work increased roughly 4.0 MJ - m~3

, which corresponded to the strain increment of
approximately 0.024 under uniaxial tension in the rolling direction. The transitions of 8 and ¢ asa
function of plastic work showed that both 8 and ¢ tend to converge to certain values regardless of
the strain path if the final strain-path angles are identical. It was also found that the relationships
between ¢ and 6 temporarily deviate from the associated flow rule immediately after the abrupt
path changes because ¢ cannot follow the rapid change of 6. Crystal plasticity finite-element
simulations reproduced the qualitative tendencies observed in the experiments, but the deviations from
the associated flow rule were much more pronounced. Parametric studies showed that ¢ tends to
converge to different values depending on the strain rate sensitivity, whereas 6 tends to converge to
a same value irrespective of the rate sensitivity exponent. The rate sensitivity exponent m = 0.044 gave
the best fits with the experimental results in terms of the evolution of both 8 and ¢ under an abrupt
change path, although the rate sensitivity exponent determined from macroscopic strass-strain curves
were m = 0.002.
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1. Introduction

The weight reduction of automobiles is greatly needed to reduce CO2 emissions (Hirsch, 2011);
therefore, the demand for lightweight sheet metals, including Al and Mg alloy sheets, has been
increasing. However, because the formability of these lightweight materials is notably different from
that of conventional steel sheets, finite-element method forming simulations are essential to help
determine the optimal forming conditions.

In sheet metal forming simulations, although recently nonassociated flow rules and nonnormality
modeling have been actively studied (e.g., Stoughton, 2002; Stoughton and Yoon, 2004, 2009; Cvitani¢,
et al., 2008; Taherizadeh et al., 2010; Safaei et al., 2014; Lee et al., 2017), the associated flow rule is
still often used to represent the plastic deformation behavior of sheet metals for industrial applications.
Past studies have shown that the associated flow rule is applicable to reproduce the plastic flow of
some materials under linear loading paths, including a brass tube (Hill et al., 1994), a cold-rolled steel
sheet (Kuwabara et al., 1998), and an A5154-H112 extruded tube (Kuwabara et al., 2005). In contrast,
some studies also reported that the associated flow rule was not applicable when abrupt strain-path
changes were involved. For example, Kuroda and Tvergaard (1999) conducted crystal plasticity
simulations of abrupt strain-path change tests and showed that the direction of the plastic strain rate
after the strain-path change deviated greatly from the normal to the yield surface identified using an
abrupt strain-path change test. An abrupt strain-path change test was also conducted experimentally
for 6000 series Al alloy and SPCE sheets by Kuwabara et al. (2000) and a pure titanium sheet by
Kuwabara et al. (2008) using a cruciform specimen. They also observed a large deviation in the
direction of the plastic strain rate from the normal to the contours of equal plastic work.

Because strain-path changes or instantaneous changes of the deformation mode often occur during
sheet metal forming processes (Ito, 2005), to perform reliable simulations of metal forming processes,
it is vital to understand the plastic flow behavior under a variety of loading paths in detail and to
incorporate the characteristics into material modeling. To this end, some quantitative studies were
conducted both experimentally and numerically. Yoshida (2017) carried out crystal plasticity
simulations to investigate the plastic flow behavior under linear and nonlinear loading paths. By
comparing the direction of the plastic strain rate at the same stress state between the linear and
nonlinear loading paths, it was concluded that the direction of the plastic strain rate depended on not
only the stress state but also the direction of the strain rate. A phenomenological flow rule was also
proposed that considered these behaviors. Yoshida and Tsuchimoto (2018) conducted experiments on
tension—torsion combined loadings under linear and nonlinear strain paths using pure Al (A1050-0)
and ultralow carbon steel tubes. The experimental observations were consistent with those obtained
from the abovementioned crystal plasticity simulations and with the results reported by Phillips and
Lu (1984) in which 1100-O Al was subjected to tension—torsion tests. They also improved Yoshida’s
pseudo-corner model (Yoshida, 2017) to obtain better agreement with the experimental results.

Recently, Yoshida and Okada (2020) performed similar experiments over a large strain range and
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examined the effect of the magnitude of the plastic strain at the change of the loading direction on the
plastic flow after the path change, showing that the effect of the magnitude of the plastic strain was
negligible. They also conducted crystal plasticity simulations and showed that the latent and kinematic
hardening of slip systems did not affect the plastic flow after the path change. Yang and Balan (2019)
performed simulations of abrupt strain-path change tests wusing an elasto-viscoplastic
phenomenological model with the associated flow rule. They showed that the viscosity resulted in an
apparent vertex, although the direction of the plastic strain rate was always normal to the stress path
both before and after strain-path changes. They also showed that kinematic hardening and elasticity
could also affect the deformation behavior after strain-path changes, even when the normality rule was
assumed in the viscoplastic constitutive model.

Most of the past studies focused their attention on the instantaneous plastic flow behavior at the
change of strain paths, including the vertex on the yield surface (e.g., Kuroda and Tvergaard, 1999;
Kuwabara et al., 2000; Kuroda and Tvergaard, 2001; Kuwabara et al., 2008) and the direction of plastic
strain rate immediately after strain-path changes (e.g., Yoshida, 2017; Yoshida and Tsuchimoto, 2018;
Yang and Balan, 2019). It has been understood from the past studies that the nonnormality occurs just
after abrupt strain path changes because of instability at the strain-path change point, and it tends to
disappear as the plastic deformation progresses. Kuroda and Tvergaard (1999) showed from their
crystal plasticity simulations of abrupt strain-path change tests of single crystals that the direction of
plastic strain rate changed quickly immediately after the abrupt change and then it became completely
normal to the stress path. Yang and Balan (2019) examined the evolution of the direction of viscoplastic
strain rate after abrupt path changes and showed that after a slight progress in plastic deformation the
direction of viscoplastic strain rate tended to converge to fulfill the associated flow rule again. However,
most of these results were numerical, and experimental results of further evolution of the plastic flow
behavior after abrupt strain-path change have hardly been reported. Particularly, the amount of plastic
strain increment which is necessary before convergence is not understood. Yoshida and Okada (2020)
studied the plastic flow behavior for a wide range of strains before abrupt strain-path change, but the
evolution after abrupt strain-path change to large strains was not examined. Indeed, because strain-
path changes frequently occur during press forming of sheet metals and, moreover, plastic instability,
including necking, often arises at large strains, it would be significant to study the plastic flow behavior
over a large strain range both before and after path changes. Thus, it is important to study further the
evolution of the plastic flow behavior after abrupt strain path changes experimentally and the
applicability of the associated flow rule for practical purposes.

For these reasons, in the present study, experiments of biaxial tensile tests of an A6022-T4 Al alloy
sheet were performed under various linear and nonlinear strain paths. The tests were conducted within
the first quadrant of the stress space until the plastic flow roughly converged to a certain state or
fracture occurred. Then, the evolution and convergence of the plastic flow behavior was investigated
especially focusing on abrupt strain-path change tests. The applicability of the associated flow rule

was also discussed from the practical viewpoint. Cruciform specimens were used for this purpose.
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Crystal plasticity finite-element simulations were also conducted to analyze the plastic flow behavior

from the microscopic as well as theoretical perspectives.

2. Experimental Methods

2.1. Material

The material used in this study was a commercially available 6000 series Al alloy A6022-T4 sheet
with 1.0-mm thickness. Figs. 1(a) and (b) show the inverse pole figure map and pole figures,
respectively, obtained from electron backscatter diffraction (EBSD) measurements. The average grain

diameter was approximately 43.9 um. Strong cube components appeared.

2.2. Experimental Procedures

@ @ ?é ®)

max = 6.627
4836
3528
2574
1878
13711
1.000
0.730

D

Fig. 1. Microstructures of A6022-T4 sheet used in this study: (a) inverse pole
figure map and (b) pole figures

2.2.1 Uniaxial Tensile Tests

To investigate the tensile properties of the material, uniaxial tensile tests were performed along
three directions: the rolling direction (RD), transverse direction (TD), and diagonal direction (45D).
Fig. 2 shows the specimen geometry used in this test. The initial strain rate was setto 1.67 X 1073 57!,
A strain gage (Kyowa Electronic Instrument Co., Ltd., KFEM-5-120-C1L3M3R) was used for the

strain measurements. All tests were performed at least twice to confirm reproducibility.
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Fig. 2. Geometry of specimen used for uniaxial tensile test

2.2.2 Biaxial Tensile Tests

Biaxial tensile tests were conducted using a cruciform specimen as follows. The specimen
geometry is shown in Fig. 3 (Kuwabara et al., 1998). The arms of the specimen aligned to the RD and
TD. All tests were performed at least twice to confirm reproducibility.

The biaxial tensile testing apparatus originally developed by Kuwabara et al. (1998) was used. The

biaxial strain components were measured using two strain gauges. The strain gauges were attached 21

e

~ — —
/60
7 Slit width : 0.2

Unit: mm

60
260

Fig. 3. Geometry of cruciform specimen used for biaxial tensile test (Kuwabara et al., 1998)

mm away from the center of the specimen in the direction of maximum force (Hanabusa et al., 2013).
True stress components were calculated using these strain components. The strain gauge used in the
biaxial tensile tests was the same as that used in the uniaxial tensile tests.

Force controlled tests were conducted under linear paths to measure the contours of equal plastic
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work. A schematic illustration of the stress paths is shown in Fig. 4(a). The ratios of true stresses oy
and og,,, which denote the components along the RD and the TD, were controlled to be a;4:0,, =
4:1, 2:1, 4:3, 1:1, 3:4, 1:2, and 1:4. The initial strain rate was set to 5.0 X 10™* s'. The
results of uniaxial tension along the RD and TD were used for the conditions a;1:0,, = 1:0 and
0: 1, respectively. An anisotropic yield function Y1d2000-2d (Barlat et al., 2003) was used to represent
the shape of the contour of equal plastic work.

Displacement controlled tests were performed especially focusing on the evolution after abrupt
strain-path changes. For comparisons, the conditions of linear strain paths and nonlinear strain paths
with gradual change were also conducted. Specifically, the following three different types of loading
path were tested to examine the evolution of the plastic flow after strain-path changes.

® (Condition 1, shown in Fig. 4(b), was five linear strain paths where the ratios of &;; and &,,
were controlled to be €;1: €5, = 1:0, 2.414:1, 1:1, 1:2.414, and 0: 1. In the following, the
angle from the &;; axis in the strain space, which is termed the “strain-path angle,” is used to
represent the strain path. For instance, the abovementioned linear strain paths correspond to the
strain-path angles of 0°, 22.5°, 45°, 67.5°, and 90°, respectively.

® Condition 2, as in Fig. 4(c), was eight nonlinear strain paths involving abrupt change. The sheet
was first loaded at 45° in the strain space. When the true strains &;; and &,, reached 0.005,
the strain path was abruptly altered to —45°, —22.5°, 0°, 22.5°, 67.5°, 90°, 112.5° or
135°.

® Condition 3, shown in Fig. 4(d), was four nonlinear strain paths involving gradual change. The
sheet was first loaded at 45° as in the case of condition 2. When the true strains &;; and &,,
reached 0.005, the strain path was gradually changed along a circular arc to either —45°, 0°,
90°, or 135°. The detailed strain paths at the gradual change in the strain paths of —45° and
0° are shown in Fig. 4(e). The central coordinate of the circular path was (&4, &22) = (0.01,0),
and the radius was 0.005v/2.
All the designated loading paths were well reproduced in the experiments, as shown in Fig. 4.

Because the purpose of this study was to examine the evolution of plastic deformation behavior
after strain-path changes, in the conditions 2 and 3, the maximum force direction along which strain

gauges were attached was defined on the basis of the strain path after the path change.

3. Crystal Plasticity Finite-Element Method

3.1. Crystal Plasticity Model

The crystal plasticity model used followed that utilized in previous studies (Hama, et al., 2015,
2017, 2018); thus, it is explained only briefly here. For face-centered cubic (fcc) single crystals, the
slip systems are defined by the four {111} slip planes and the three (110) slip directions on each
plane. The slip rate of the ath slip system (@ is given by the following equation (Huchinson, 1976;
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Fig. 4. Loading paths assigned in the experiments and crystal plasticity simulations — solid and broken lines represent the simulation
and experimental results, respectively: (a) linear stress paths, (b) linear strain paths (condition 1), (c¢) nonlinear strain paths with abrupt
changes (condition 2), (d) nonlinear strain paths with gradual changes (condition 3), and (e) detailed strain paths in conditions 3, circle

marks in (b), (c), and (d) denote the deformation at %, =1.3, 3.0 and 5.0 MJ-m™~3 for the conditions of 0°
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Pierce et al., 1983; Asaro and Needleman, 1985).

1

(a)|m

T(—a) Sgn(r(“)) , 1@ = g@ . 5. @@ ’ 0
Ty

T’(a) = Yo

where y, is the reference slip rate, 7(® s the resolved shear stress, Tﬁ((a) is the current resistance,

and m is the strain rate sensitivity exponent. Here, s(® and m® are the unit vectors that represent
the slip direction and the normal to the slip plane, respectively. There are different approaches to utilize
Eq. (1) (e.g., Tabourot, 2001; Adzima, et al., 2017). In this work, for convenience, the same parameters
were assigned regardless of the slip system, and moreover, y(® was calculated by using Eq. (1) even

when T(“)<T,(,“). The rate of slip resistance is given by
B

where hgp is the hardening moduli matrix. On the basis of dislocation-density-based modeling

(Teodosiu et al., 1993; Teodosiu, 1997), h,p is given in the form

1 1
-2 2 ]
H ) 1 ) )
haﬁ = Egaﬁ Z YGappP E Z daﬁp — 2ycp ’ 3)
3 3
. 1,1 .
p =3 (5 - 200 1] @)
2
1@ — g Z dugp® . (5)
3

where b is the magnitude of the Burgers vector, u is the shear modulus, and p® is the dislocation
density on the ath slip system. Here, g,p isthe 12 X 12 interaction matrix, that models the different
types of dislocation interactions, with six independent components. dg,p is the interaction matrix that
defines the interaction between the slip systems (Tabourot, et al., 1997; Fivel, 1998). In addition, y,
and K are material parameters that represent the generation and annihilation processes of dislocations,

respectively, and L(® represents the mean free path of the dislocation of the ath slip system.

3.2. Finite-Element Model

The finite-element model was a cube with length /. The cube was uniformly divided into 10
elements in each direction. Eight-node isoparametric solid elements with selective reduced integration
were used. The crystallographic orientations were extracted from the result of the EBSD measurements
and assigned to Gaussian integration points. A crystallographic orientation was assigned to eight
Gaussian integration points in each element. In the simulation, the x-, y-, and z-directions were

defined as the RD, TD, and normal direction, respectively. According to the assumption of plane
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symmetry, the planes x =0, y =0, and z =0 were fixed in the x-, y-, and z-directions,
respectively.

The abovementioned finite-element model was used because this model has given sufficiently
stabilized macroscopic deformations in our previous studies (Hama and Takuda, 2011, 2012).
Moreover, a preliminary study showed that the finite-element model was appropriate also for the

present material. Detailed results of the preliminary study are shown in Appendix.

3.3. Simulation Procedures

Displacement increments AU, and Au, given, respectively, to the planes x =1 and y =1

were controlled to simulate the biaxial loadings described in Section 2.2.2. The linear strain paths

(condition 1) and nonlinear strain paths with abrupt changes (condition 2) could be achieved by simply

adjusting AU, and Au, to prescribed strain ratios. The nonlinear strain paths with gradual changes

(condition 3) were achieved using the following algorithm. The displacement increments AU_ and

Au, were first imposed while maintaining |AU)c :‘Auy‘ until the strains reached 0.005. Then, the

ratio of |Au,| and ‘Auy‘ was controlled to follow a circular arc. For instance, in the cases of —45°

and 0°, the circular equation, which is designated by the green solid line in Fig. 4(e), is expressed in

the form
2
(£11 — 0.01)2 + (&52)% = (0.005v2) : (6)
Solving Eq. (6) with respect to &,, and differentiating with respect to &4 yields
dgzz N Auy B 1 5 )12
EN y —5{(0.005\/5) —(&,-0.01) } {2(&,—-0.01)} . (7)

X

To fulfill Eq. (7), Au, and Au, were controlled for each step. After the strains reached the

prescribed values, the ratio of |Au,| and ‘Auy‘ was again kept unchanged in accordance with the

condition. A similar algorithm was used for the conditions of 135° and 90°.
For the stress-controlled paths, an iterative algorithm proposed by Hama and Takuda (2012) was
used to achieve pseudo-linear stress paths during deformation.

As shown in Fig. 4, all the designated loading paths were well reproduced in the simulations.

3.4. Material Parameters
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To represent the elastic anisotropy, the elastic constants were set to C;; = 107, C;, = 61, and
C4q = 28 GPa (Simmons and Wang, 1971). The reference slip rate y, in Eq. (1) was set to 0.001
s~L. Following previous studies on Al alloy sheets, the strain rate sensitivity exponent m was set to
0.002 (e.g., Hama et al., 2015). The magnitude of the Burgers vector b was setto 2.86 x 1071° m,
The initial dislocation density péa) was assumed to be 1.0 X 101® m™2 for all slip systems (Yoshida
et al., 2014). The components of the interaction matrixes d,z and g,p were determined following
Madec and Kubin (2017). The parameters 7y, Y., and K in Egs. (3) and (4) were determined so that
the predicted uniaxial true-stress—true-strain curve along the RD agreed with the experimental curve.
It should be noted that the components of d,g and g,p were slightly changed from the original
values (Madec and Kubin, 2017) to achieve better agreements in the stress-strain curves along the 45D
and TD. The values of dup, gap, To,» Ye> and K are listed in Table 1.

Table 1. Material parameters for crystal plasticity simulation: g,, g;, g», €3, €4, and gs, which are
the components of g4 denote self-hardening, collinear system, Hirth lock, coplanar system,
glissile junction, and Lomer—Cottrell sessile lock, respectively

9o g1 g2 g3 ga Js To Ve K

0.65
x 10-°

0.122 0.810 0.205 0.122 3.20 0.380 54.0 20.0

do d; d; ds dy ds

0.122 0.810 1.25 0.122 0.320 0.380

The true-stress—true-strain curves in the RD, TD, and 45D are shown in Fig. 5(a). In the experiment,
the flow stress was the largest in the RD, followed in order by the 45D and the TD. This tendency
agreed well qualitatively with the results reported for a similar material in a report by Tian et al. (2017).
In the simulation, the logarithmic strain tensor was calculated from the averaged deformation gradient
by volume averaging of local field of deformation gradient over the reference configuration (Nemat-
Nasser, 1999). The simulation results along the RD and the TD agreed well with the experimental
results. However, the simulation overestimated the true stresses along the 45D.

Fig. 5(b) shows the evolution of the »-value measured by conducting loading—unloading tests for every

1% strain. In the experiment, logarithmic longitudinal and width strains were measured after unloading,

and the r-value was calculated by r=¢,/(-¢,—¢), where & and &, denote the longitudinal and

width strains, respectively.

In the experiment, the r-values were almost independent of the tensile strain. The r-value was the
largest in the RD, followed in order by the TD and 45D. These tendencies, including very-weak 7-
value in the 45D, agreed well with the results reported for similar materials in the literature (Kuwabara,
etal., 2017; Tian et al., 2017; Zecevic and Knezevic, 2018; Ogasawara, et al., 2020). These tendencies
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are typical in Al alloy sheets with strong cube texture. In the simulation results, the magnitude
relationship agreed with the experimental results; moreover, the r-values were independent of the
strain. However, the simulation results along the RD and TD were overestimated.

As shown in Fig. 5, the predictive accuracies of the in-plane anisotropy of the stress-strain curves
and the magnitudes of r-value were not sufficient and need further improvements. Similar
discrepancies were also reported in similar Al alloy sheets in literature (Zecevic and Knezevic, 2018).
Advanced crystal plasticity models have been proposed to increase the predictive accuracy (Khadyko,
etal., 2016; Zecevic and Knezevic, 2018). Very recently, Feng et al. (2020) predicted successfully the
r-values by using their crystal plasticity model, although the in-plane anisotropy of the stress-strain
curves were still insufficient. In their model, the slip resistance was assumed to consist of the initial
resistance and the terms evolving with statistically stored forest and debris dislocations. Further, the
total density was assumed to consist of forward and reversible densities of dislocations which were
evaluated separately for a positive and negative slip direction. Moreover, the two types of latent
hardening matrix as in this study were considered. Although this issue is still open to discussion, such
detail treatments of dislocation density would help prediction for 6022-T4 sheets. The improvement
of the predictive accuracy will be conducted in our future work.

However, our preliminary studies showed that the effects of parameter identification on the
simulation results of strain-path change tests were very small; therefore, the simulation results given

in this study are acceptable at least for the purpose of this work.

a b
( ) 300 30 ( ) 1.4 i
] «w 1.2
p‘f 250 25 g L
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Fig. 5. Uniaxial tensile properties along the RD, 45D, and TD: (a) true-stress—true-strain curves and (b) evolution of the »-

value — evolution of plastic work during the RD tension is also shown in (a)
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4. Experimental and Simulation Results
4.1 Linear Stress Path

Figs. 6(a) and (b) show the experimental and simulation results, respectively, of the stress plots of
equal plastic work. The stress components (ay;,0,,) were extracted at the plastic works W, = 0.4,

1.0,2.0, 4.0, 6.0, and 8.0 M] - m~3, which corresponded to the strains of approximately 0.005, 0.009,
0.016, 0.027, 0.037, and 0.047 under uniaxial tension in the RD, respectively. Because the plastic work
will be used to represent the amount of plastic deformation in the following results, for reference, the
relationship between the plastic work and the strain under the RD tension is shown in Fig. 5(a). In the
experiment, the results of two specimens were plotted for each stress path. The experimental error was,
at most, 4.5 MPa, which was less than approximately 3% of the 0.2% proof stress. The parameters of
the Y1d2000-2d yield function were determined to describe analytically the shape of the contours of
equal plastic work. Given the principal stress state, the Y1d2000-2d yield function is given in the form

D(011,022) = | X — X} | + |2X0, + X0 + 12X + x5, —26M =0 . (11)

where ¢ is the equivalent stress, and

{yy} S T (12)

{X,I'C:x} _11-2a5+ 20y +8as — 2as a3z —4a, — 4as + 4a, ]{011} (13)
Xyy 9| 4a; —4a, —4as + ag —2a3 +8a, + 2as — 2a4] (022

The results of 07;:0,, = 1:0, 1:1,and 0:1 were used to determine a;, (k =1~6). M in Eq. (11)
was determined so that the error between the stress points and the Y1d2000-2d curve was minimized

(a) (b)

300 300
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Fig. 6. Contours of equal plastic work with Y1d2000-2d yield loci (broken lines): (a) experimental and (b) crystal

plasticity simulation results
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(Kuwabara and Yoshida, 2015). Here, a; (k =1~6) and M were determined at the plastic works of
0.4 and 8.0 MJ-m™3. The determined values are listed in Table 2. Because the stress plots were
different between the experimental and simulation results, the parameters were determined separately
for the experimental and simulation results to achieve the best fit for each result.

The determined Y1d2000-2d yield loci are shown in Fig. 6. In the experiment, small differences
appeared between the stress plots and the yield locus at 0y;:0,, = 1:4 for W, = 0.4 MJ-m™3,
whereas the yield locus described the stress plots well for W, = 8.0 MJ - m~3. In the simulation, the
yield loci described the stress plots well for both plastic works. The predicted yield loci were
apparently different from those of the experimental ones, as explained earlier.

Fig. 7 shows the relationships between the stress ratio ¢ and the direction of the plastic strain rate
0 for W, =0.4and 8.0 MJ - m™3, which are defined as follows:

o.
@ = arctan—= (14)
011
o deb,
=arctan—3; . (15)
€11

The reference results calculated using the associated flow rule with the Y1d2000-2d yield function are
also shown. The differences in 6 between the reference and experimental results were, at most,
approximately 8.7° and 5.5°, respectively, for W, = 0.4 and 8.0 M] - m~3. These results indicate that
the deformation behavior under the linear stress paths was reproduceable using the associated flow
rule within these errors. Because the difference in the reference results between W, = 0.4 and 8.0 M]J -

m—3

was also within comparable small errors, it is reasonable to assume that this material exhibits
isotropic hardening. Similarly, in the simulation results in Fig. 7(b), the plastic flow was also well

represented by the associated flow rule for both plastic works, which is consistent with the

Table 2. Parameters of Y1d2000-2d yield function determined for experimental and crystal plasticity simulation

results
W,
M o o [04] Ol (043 O
/MJ * m?3
0.4 4.6 0.693 1.187 1.011 1.077 0.994 0.697
exp
8.0 5.6 0.941 0.982 0.892 1.058 1.002 0.899
) 0.4 6.0 0.967 1.073 1.069 1.034 0.984 0.941
sim
8.0 7.0 0.985 1.046 0.999 1.022 0.981 0.940
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Fig. 7. Relationships between ¢ and 8 under linear stress paths obtained from (a) experiment and (b) crystal plasticity
simulation: dots are obtained from biaxial tensile tests, and broken lines are the reference results calculated using the
associated flow rule with the Y1d2000-2d yield function. In (b) dotted line is the reference results of the experimental result

for W,=8.0 MJ-m™3

experimental results.

As described earlier, the yield loci were different between the experimental and simulation results.
To examine the difference more in detail, the reference result of the experiment for W, =8.0 MJ - m™3
is also shown in Fig. 7 (b). The difference in 6 between the two reference results was at most 5.3°. It
is presumed that this level of error is involved when the experimental and simulation results are directly
compared. For this reason, to eliminate the effect of the difference in the reference results from
discussion, the results of the associated flow rule with the Y1d2000-2d yield function at W, = 8.0 M] -
m~3 and isotropic hardening assumption obtained for the experimental and simulation results were
used as the reference results for the experiment and simulation, respectively.

It is noted that currently there is no evidence that the abovementioned isotropic hardening
assumption holds after strain-path changes. Therefore, the evaluation of the normality after strain-path
changes was not discussed in this study. However, because the associated flow rule is still often used
in industrial FEM simulations, as explained earlier, it is worth comparing experimental and simulation
results with the reference results to examine the representability of the plastic deformation after strain-
path changes by using the associated flow rule, an initial yield surface, and the isotropic hardening
assumption from practical viewpoints. In addition, another reason to compare with the reference results
was that it is helpful to use reference results to discuss comprehensively the plastic deformation
behaviors under different loading paths.

On the basis of the past studies, it is presumed that the plastic deformation for conditions 1 and 3
is representable by the reference results throughout the process because any bifurcation is not involved,

whereas that of condition 2 deviates from the reference results just after the strain path changes.

p. 15
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4.2 Linear Strain Path

Figs. 8(a) and (b) show, respectively, the transitions of 8 as a function of plastic work and the
stress evolution under the linear strain paths (condition 1). For the experimental results shown in Fig.
8 (a), the results from W, = 0.4 MJ-m™3 until fracture are shown. The experiments could be
conducted to the plastic work range from approximately 5.0 to 9.0 M] - m~3. In the experimental and

simulation results, the changes in 8 were very small except for the very beginning of deformation.
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Fig. 8. Results of linear strain paths (condition 1): (a) transitions of 6 as a function of plastic work and (b) evolution

of stresses — the broken and solid lines denote the experimental and crystal plasticity simulation results, respectively
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This tendency was also independent of the strain path. The values of 6 matched well the strain-path
angles for all conditions. The stress evolution was nonlinear, irrespective of the path. The nonlinear
evolution would be owing to the anisotropy of the material (Kuwabara, et al., 2000). The simulation
results reproduced the overall tendencies observed in the experimental results of the transition of 6.
In the stress evolution, although overall tendencies were reproduced well, quantitative differences were
somewhat large for stresses under 200 MPa. The reason of this difference will be discussed in Section
4.5.

Fig. 9 (a) shows the experimental results of the relationships between ¢ and 6 during
deformation for condition 1. For the condition of 45°, the values of ¢ and 6 remained almost
unchanged throughout the process and were almost on the reference curve. In contrast, for the
conditions of 0°, 22.5°, 67.5°, and 90°, the relationships evolved in the directions designated by the
arrows because the stress ratio apparently changed, see Fig. 8 (b). The trajectories roughly followed
the reference curve, although they were not exactly on it. Specifically, the differences in 8 between
the reference and experimental results during deformation were, at most, approximately 7.0°, which
was comparable to those observed in Fig. 7. After the relationships reached the X marks at W), =5.0
M] - m~3, which corresponded to the strain of approximately 0.032 under uniaxial tension in the RD,
further deformation until fracture was very small. For the condition of 0°, the change in 6 was

approximately 4.3° from W, = 0.4 to 5.0 MJ-m™3

, while it was approximately 0.3° from W, = 5.0
MJ]-m~3 to fracture at W, = approximately 5.4 M]-m~3. These results suggested that the plastic
deformation behavior under linear strain paths could be evaluated by using the associated flow rule
with the Y1d2000-2d yield function and isotropic hardening assumption with practical small errors,
irrespective of the strain path.

Fig. 9 (b) shows the simulation results. The results in the plastic work range from 0.4 to 8.0 M] -

m—3

are shown. The trajectories were almost on the reference curve, and the results were qualitatively
the same with those of the experiments. In all the conditions, the values of ¢ and 6 remained almost
unchanged beyond W, =5.0 M] - m~3. More specifically, for the condition of 0°, the change in 6 was
approximately 2.0° from W, = 0.4 to 5.0 MJ] - m~3, while it was less than 0.1° from W, = 5.0 to 8.0
M] - m~3. These experimental and simulation results suggest that the deformation roughly converged

at Wy =around 5.0 MJ - m™3.

4.3 Nonlinear Strain Path with Abrupt Change

Figs. 10(a) and (b) show, respectively, the transitions of 8 as a function of plastic work and the stress
evolution under the nonlinear strain paths with abrupt change (condition 2). In the experimental and
simulation results, d was 45° before the path changes, as shown in Fig. 10(a). This is consistent with
the result of the linear strain path (Fig. 8). After the strain paths abruptly changed at W, =
approximately 1.0 MJ-m™3, @ rapidly changed to the angles designated by each strain path and then
tended to converge. For the conditions of —45°, 112.5° and 135°, the experiments could not be

conducted until convergence because the sign of either o;; or o,, became negative before

p. 17
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convergence. In other words, it is presumed that 8 tends to converge also for these conditions if the
experiments can be conducted to the second or fourth quadrants in the stress space.

As discussed in previous studies (Hill et al., 1994; Kuroda and Tvergaard, 1999; Kuwabara et al.,
2000), the stress paths for the strain-path angles of —45° and 135° corresponded to a subsequent yield
surface, which lay within the contour of plastic work shown in Fig. 6 (b). Clear vertices appeared at
the strain-path change points, consistent with the work by Kuwabara et al. (2000). The simulation
results reproduced the overall tendencies observed in the experimental results of the transitions of 6
and the stress evolution.

Fig. 11 shows the relationships between ¢ and 6 for condition 2. For comparison, the results of
condition 1 are also shown for the conditions of 0°, 22.5°, 67.5°, and 90°. In the experimental results
in Fig. 11(a), before the strain paths changed, the relationships were within the black circle,
irrespective of the strain path, and were almost on the reference curve. Immediately after the strain
paths changed, the relationships rapidly deviated from the reference curve to the directions designated
by the arrows — that is, the slopes of the trajectories were significantly different from that of the
reference curve. More specifically, for the condition of 0°, the difference in 8 between the
experimental and reference curves just after the paths changed was at most 11°. The slopes of the
trajectories were almost independent of the strain path. Thereafter, the slopes rapidly changed, and the
relationships approached to the reference curve. The smaller the change in the strain-path angle, the
earlier the slope changed. After the relationships reached the X marks at W, = 5.0 MJ - m™3, they
remained almost unchanged until fracture as in the case of condition 1, suggesting that the deformation
roughly converged at the X marks. More specifically, for the condition of 0°, the change in 6 was
approximately 7.4° from W, = 1.3 to 5.0 MJ - m™3, while it was less than 0.1° from W, = 5.0 M] -
m~3 to fracture at ¥, = approximately 6.1 M] - m~3. Because the X marks were very close to those
of condition 1, it can be said that the plastic deformation behavior at the plastic work larger than 5.0
MJ] - m~3 could eventually be represented by using the reference curve within practical small errors.

This result also suggests that the plastic work increment of roughly 4.0 MJ - m~3

, which corresponded
to the strain increment of approximately 0.024 under uniaxial tension in the RD, was necessary until
the deformation could be represented again by the reference curve after abrupt changes.

The simulation results in Fig. 11(b) showed similar overall tendencies, but the deviation from the
reference curve just after the path change was overestimated. More specifically, for the condition of
0°, the difference in 6 between the simulation and reference curves just after the paths changed was
at most 31°. The values of ¢ and 8 remained almost unchanged beyond W, =5.0 MJ] - m~3. For the

condition of 0°, @ changed approximately 4.8° from W, = 1.3 to 5.0 MJ-m™3

, while it changed
approximately 0.27° from W, = 5.0 to 8.0 M]-m™3. The X marks were close to those of condition
1, as in the case of the experiment, but the deviation of the X marks between conditions 1 and 2 was
larger than that of the experimental results.

Yang and Balan (2019) have also conducted simulations with the condition of -45° using a

phenomenological elasto-viscoplastic model, and the relationship between the direction of viscoplastic

p. 19



651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688

(a) (b)

135 135
. Exp 135 .
~ - ~
(W) / = s
— o 90 | = N “ o 90 L
SR z 1125°) g
= & //xr g =
S e g 2 .S
8 g 45 + F 8 g 45 +
B=NR7 L xl = @
4 0
a fﬂ) 0 -22.5° ,'}’/ A 2
E B__/?i- K 0 I
a a
— s
R us ‘
0 22.5 45 67.5 90 0 s 45 g %0
Stress ratio ¢ /° Stress ratio ¢ /°

Fig. 11. Relationships between ¢ and 6 for nonlinear strain paths with abrupt changes (condition 2) obtained from
(a) experiment and (b) crystal plasticity simulation: the broken lines show the reference curves, solid gray lines show

the results of condition 1, and /\, <>, and X denote the deformation at W,=1.3,3.0and 5.0 MJ - m~3, respectively

strain rate and the stress ratio has been studied. The abovementioned tendencies, i.e., the slope just
after the path change was significant and then it rapidly decreased and the relationships approached to

the reference curve, were consistent with their work.

4.4 Nonlinear Strain Path with Gradual Change

Figs. 12(a) and (b), respectively, show the transitions of 8 as a function of plastic work and the
stress evolution under the nonlinear strain paths with gradual change (condition 3). In the experimental
and simulation results, the tendencies of the transitions of 6 were similar to those under abrupt
changes, although the slopes just after the path change were smaller. The stress evolution was also
similar to that shown in Fig. 10(b), but a vertex did not appear when the strain path changed. The
simulation results reproduced the overall tendencies observed in the experimental results of the
transitions of € and the stress evolution. For the conditions of —45° and 135°, the experiments could
not be conducted until convergence because the sign of either g;; or o,, became negative before
convergence.

Fig. 13 shows the relationships between ¢ and 8 for condition 3. For comparison, the results of
condition 1 are also shown for the conditions of 0° and 90°. In the experimental results, the
relationships were within the black circle before the path change, as in the case of condition 2. After
the paths changed, the trajectories tended to follow the reference curve. In the case of the conditions

3 and the strain

of 0° and 90°, the circular strain paths finished at /¥, = approximately 2.2 MJ - m~
paths became linear, as shown in Fig. 4 (d). After the relationships reached the X marks at W, =5.0
M] - m~3, they remained almost unchanged until fracture. The X marks were very close to those of

condition 1, consistent with condition 2.
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However, in the simulation results, the slopes of the trajectories immediately after the path change
were still largely different from the reference curve, followed by approaching to the reference curve.
More specifically, for the condition of 0°, the difference in 8 between the simulation and reference
curves during this process was at most 19°. However, it is also apparent that the deviation from the
reference curve was less pronounced than that of condition 2, which is qualitatively consistent with
the experimental results. As in the cases of condition 2, the values of ¢ and 6 remained almost

unchanged beyond W, =5.0 MJ-m~3, and the X marks were close to those of condition 1.

4. 5 Summary of Results

In the present study, the evolution and convergence of plastic deformation after strain-path
changes could be successfully measured in the experiments. The trajectories on the ¢-6 plane
roughly followed the reference curve under conditions 1 and 3 within practical small errors, as
expected from the past studies. These results suggest that the plastic deformation behavior of the
present material can be practically represented by using the associated flow rule with the Y1d2000-2d
yield function and isotropic hardening assumption when the strain-path change is gradual or not
involved. It should be noted that the agreement between the experimental and reference curves did not
mean that the normality was fulfilled theoretically, because there is no evidence that the isotropic
hardening assumption is valid also after strain-path changes, as explained earlier. On the other hand,
when the strain-path change was abrupt (condition 2), the trajectories were far different from the
reference curve just after path changes, while they then could be represented again by using the
reference curve within practical small errors at the plastic work larger than 5.0 M] - m~3. These results
were qualitatively consistent with the literature (Kuroda and Tvergaard, 1999; Kuwabara et al., 2000;
Yang and Balan, 2019).

The simulation reproduced the qualitative tendencies observed in the experiments, but in the
strain-path change conditions (conditions 2 and 3), the deviations from the reference curve just after
the paths changed were much more pronounced than in the experimental results.

The experimental and simulation results suggested that the deformation roughly converged at ¥,
=around 5.0 MJ-m™3 after the strain path changed at W, = approximately 1.0 M] - m~3. Moreover,
if the strain-path angle after the path change was the same, the converged points were very close
irrespective of the condition.

Lastly, the difference in the stress evolution between the experiments and simulations are briefly
discussed. In the stress evolution in condition 2 (Fig. 10 (b)), the stress evolution before path change
was apparently different between the conditions of the strain-path angles < 22.5° and = 67.5°.
Specifically, the differences in the stress states between the two conditions were estimated to be at
most 15 % and 3 % before and at the strain-path change point, respectively. This difference occurred
presumably because the measurements of strains, i.e., the positions where strain gauges were attached,
were different. Similar levels of errors would be involved also in conditions 1 and 3. On the other hand,

the elastic constants used in the simulation could also yield the deviation in the stress evolution before
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the path changes between the experiment and the simulation. The elastic constants used in this study
were taken from a literature (Simmons and Wang, 1971) as explained earlier, but there is no evidence
that these parameters are acceptable for the present material. Therefore, it is considered that both
experimental and predictive accuracies should be improved to obtain better agreements in the stress

evolution.

5. Discussion
5.1. Effect of Strain Path

5.1.1 Experimental Results

The results of condition 2, where large deviation from the reference curve appeared, are discussed
in detail. To this end, the results of conditions 1, 2, and 3 with a strain-path angle of 0° are used to
discuss the effect of the strain path on the plastic deformation behavior after the path changes.

Figs. 14 (a) and (b) show the experimental results of the transitions of 6 and ¢ as a function of
plastic work for the three strain paths, respectively. In Fig. 14 (b), reference transitions of ¢ calculated
using the transitions of 6 and the associated flow rule with the Y1d2000-2d yield function are also
shown. After the paths changed at the plastic work of approximately 1.0 MJ-m™3, 6 and ¢ tended
to converge to approximately 0° and 28° regardless of the strain path, suggesting that both 6 and ¢
tended to converge to certain values whether or not deviation from the reference curve appeared after
strain path changes. These results are consistent with Figs. 9, 11, and 13. In the present case, 6 and

¢ almost converged at plastic works of around 5.0 MJ]:-m™3

3

, suggesting that the plastic work
increment of approximately 4.0 M]-m™>, which corresponded to the strain increment of
approximately 0.024 under RD tension, was necessary after strain-path change before the plastic
deformation converged, as also explained earlier. It should be noted that for conditions 1 and 3 the
experimental curves were in good agreements with the reference curves throughout the process even
though the deformation did not converge at plastic works smaller than 5.0 MJ - m~3.

The transitions of 8 and ¢ are discussed in detail for each condition. In condition 1, both 6 and
¢ varied extremely gradually throughout the process. Comparing the transition of ¢ with the
reference curve, the experimental result was 2° to 4° smaller than the reference curve. Moreover, the
experimental result of the final angle of ¢ was slightly smaller than that of the reference curve. This
quantitative difference was comparable to that observed in Figs. 7 and 9. However, the transition
tendencies were similar, and the experimental result qualitatively followed the reference curve, which
is consistent with Fig. 9.

In contrast, for conditions 2 and 3, the changes in both 8 and ¢ immediately after the path
changes were sharp. To examine the evolution of ¢ in detail, Fig. 14 (c¢) shows the transitions of

instantaneous gradient of ¢. For visibility purposes, only the results of conditions 2 and 3 are shown.
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Fig. 14. Experimental results of transitions of 6 and ¢ as a function of plastic work
for conditions 1, 2, and 3 with a strain-path angle of 0° : (a) Transitions of 8, (b)
transitions of ¢, and (c) transitions of instantaneous gradient of ¢ — In (b) and (¢),
the black lines are the reference results, and the numbers given to the curves denote
conditions

In condition 3, the gradient gradually decreased. Because the trajectory in the 6 - ¢ plane was
represented by the reference curve with practical small errors for condition 3 (Fig. 13), the deviation
in the gradient observed in Fig. 14 (¢) can also be considered as acceptable errors.

In condition 2, the change in 6 immediately after the path change, i.e., specifically in the plastic

work range from 1.0 to 1.2 MJ - m™3

, was much more pronounced than in the other conditions (Fig.
14 (a)). However, the gradient of ¢ in this range was apparently smaller in the experimental result
than in the reference curve. These results indicate that the relationships between ¢ and 6
temporarily deviated from the reference result immediately after the path changes in condition 2 (Fig.
11) because the transition of ¢ was too gradual compared with the reference curve — that is, ¢
could not follow the rapid change of 6 immediately after the abrupt change. Moreover, it is also
presumed that the deviation from the reference curve was governed primarily by the deformation in

the plastic work range from 1.0 to 1.2 MJ-m™3

, which corresponded to a strain increment of
approximately 0.001 under uniaxial tension in the RD.
Because the shape of yield locus would be subjected to change when the strain paths changed, as

described earlier, it is significant to take this effect into consideration when the applicability of the
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associated flow rule is discussed more rigorously. For instance, considering the homogeneous
anisotropic hardening approach (Barlat, et al., 2011; 2013), it is presumed that the shape of yield locus
is subjected to notable change after an abrupt path change, in particular for the plastic deformation
from the plastic work of 1.0 to 5.0 MJ/m™ in Fig. 14. It is expected that the change in the shape of the
yield locus under the associated flow rule can be discussed in detail by utilizing the present
experimental results and the homogeneous anisotropic hardening approach, which will be a part of our

future works.

5.1.2 Simulation Results

Fig. 15 shows the simulation results of the transitions of 8 and ¢ for the three strain paths
discussed in Section 5.1.1. The experimental results are also shown. The deviations in 8 between the
simulation and experimental results slightly appeared until W, = 3.0 MJ-m™3. They then almost
disappeared at W, = 5.0 MJ-m™3, and 6 converged to 0° irrespective of the condition. In contrast,
the changes in ¢ were more gradual in the simulation results than in the experimental results
irrespective of the condition. Moreover, although the subsequent changing rates were very small, ¢
still depended on the condition even at W, = 5.0 MJ-m™3. These results suggest that the present
simulation tended to yield a more gradual transition of ¢ than the experimental results, which
eventually yielded larger deviations of the relationship between ¢ and 6 from the reference results
of the associated flow rule in conditions 2 and 3. Furthermore, it is also presumed that the convergence
points in the 6 - ¢ plane were different between the experimental and simulation results primarily
because of the deviation in ¢.

Because 8 would primarily be governed by slip activities, the correlation with the activities of
slip systems was examined. The activities of the 12 slip systems of the fcc structure were evaluated

using the relative activity of the ath slip system 7(® as follows.
(a) 25—1 }'/(a)
ri® = R : (16)
Zgﬂ Yns=17®

where n and N are the numbers of grains and slip systems, respectively. Because of the strong cube

components in the texture, for visibility purposes, the relative activity of the (111)[01 T ] system, which
was the most active slip system in condition 1, is considered representative in further discussion.

The evolution of the relative activities for conditions 1, 2, and 3 is shown in Fig. 15 (a). The relative
activity for condition 1 was nearly constant throughout the process. Under conditions 2 and 3, the
relative activities rapidly changed immediately after the paths changed and then converged onto that
of condition 1, consistent with the transitions of 6. Moreover, it is apparent that the slope of 6
changed largely when that of relative activity changed for conditions 2 and 3, confirming the strong
correlation between the transitions of 6 and the slip activity. In contrast, because no correlation was
observed between the transitions of ¢ and the slip activity, the stress evolution would not be primarily

governed by the evolution of the slip activity.
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5.2. Parametric Study

5.2.1 Effect of Strain Rate Sensitivity

The deviation from the experimental results immediately after the strain path change observed in
the simulation results was further examined with respect to the mechanical properties of the material.
The effect of the strain rate sensitivity on the plastic deformation behavior has often been studied,
particularly in terms of the formation of vertices (e.g., Kuroda and Tvergaard, 1999; Kuwabara et al.,
2000; Kuroda and Tvergaard, 2001; Kuwabara et al., 2008; Yang and Balan, 2019). For instance,
Kuroda and Tvergaard conducted crystal plasticity simulations of abrupt strain-path change tests and
showed that larger viscosity yielded less pronounced change in 6 just after the path change because
the rounded vertex became less sharp, and that subsequent deviations from normality were as large as
those obtained with smaller viscosity. Recently, Yang and Balan (2019) showed that the relationship
between the direction of viscoplastic strain rate and the stress ratio depended on the strain rate
sensitivity: the slope just after the strain-path change became smaller as the strain rate sensitivity
increased.

It is clear from Eq. (1) that the evolution of the slip rate y(*) strongly depends on the strain rate
sensitivity exponent m, which was taken to be 0.002 in this study on the basis of experimental results
of polycrystalline Al alloy sheets. However, because Eq. (1) modeled the activity of each slip system,
it might be more appropriate to use the strain rate sensitivity exponent m of single crystals. Lindholm
et al. (1965) studied the work-hardening behaviors of single and polycrystalline pure Al under uniaxial
tension at different strain rates. According to their results, the rate sensitivity was likely to be larger in
single crystals than in polycrystalline materials. A similar tendency was reported for body-centered
cubic metals (Takeuchi, 1968). These past studies imply that it would be reasonable to consider that
the rate sensitivity exponent at the grain level is different from that at the macroscopic level. Therefore,
according to the work by Lindholm et al. (1965), simulations were conducted with larger rate
sensitivity exponents as a parametric study.

As examples, Fig. 16 (a) shows the relationship between ¢ and 6 for condition 2 obtained with
m =0.002 (original), 0.044 and 0.2. It is apparent that the slope just after the strain-path change became
smaller and the timing at which the slope started decreasing retarded as the strain rate sensitivity
increased. These tendencies were consistent with the results reported in the literature (Kuroda and
Tvergaard, 1999; Yang and Balan, 2019).

The simulation results for conditions 2 and 3 obtained with m = 0.044 and 0.2 are shown in Figs.
16 (b) and (c), respectively. The experimental results explained earlier are also shown. When m was
set to 0.044, the transition of ¢ for condition 2 was in better agreement with the experimental result
than that of m = 0.002. In particular, ¢ tended to converge to approximately 27°, which agreed well
with the experimental result and was smaller than that of the result obtained with m = 0.002, see Fig.

15 (b). The transition of 6 also became closer to the experimental result when m was set to 0.044.

p. 28



986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023

~
o
N~

Direction of
plastic strain rate 6/

(o]

45

”

”

P 4
» Reference curve

m=0.002

22.5

Stress ratio ¢ /°

45



1024
1025 Strain paths change here

1026 50 !
1027 -y
1028 40 I\
1029
1030
1031

1032 20 ¢ 1o\
1033

10 B Iy \
1034 I '§Z> .

1
1035 0 I I
1
1
|

~
o
~

o]

]

]
30 + 1 '\

]

Direction of
plastic strain rate 6/

1036 -
1037 -10
1038 0 2 4 6 8

1039 Plastic work /MJ * m3
1040

1041
1042

1043 45
1044 —
1045 20 |
1046
1047
1048
1049
1050
1051
1052 25
1053

1054 20
1055 0 ) 4 6 2
1823 Plastic work /MJ * m?

1058

1059

1060

1061

—u—,——
Wl

)
Z

o]

[\
/
/
/
/
/

- -
- = =
- —
e - - -- )]

Stress ratio ¢/

J
' 4
/




1062
1063
1064
1065
1066
1067
1068
1069
1070
1071
1072
1073
1074
1075
1076
1077
1078
1079
1080
1081
1082
1083
1084
1085
1086
1087
1088
1089
1090
1091
1092
1093
1094

Direction of
plastic strain rate 6/

Strain paths change here

40

o

30

20

10

0

-10

Stress ratio ¢ /°
(T3] o B BN
() ()] (e U]

[\
N

[\
)

v

)

7
1
h L

p

2

4

6

4

6

Plastic work /MJ * m3
1095

1096  Fig. 16. Crystal plasticity simulation results for condition 2 obtained with different m values: (a) relationships
1097  between ¢ and 6, and transitions of 8 and ¢ as a function of plastic obtained with (b) m = 0.044 and (c) m = 0.2

1098  -1In (b) and (c), the gray lines represent the experimental results.
1099

p. 31



1100
1101
1102
1103
1104
1105
1106
1107
1108
1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131

1132

1133
1134
1135
1136

The results of condition 3 also showed better agreements with the experimental results although the
evolution of @ still deviated slightly: unlike the results with m = 0.002, the change in ¢ became
sharper in the simulation result than in the experimental result.

When m was set to 0.2, as shown in Fig. 16(c), the change in ¢ became more sharp than that of
m = 0.044 under conditions 2 and 3, and ¢ tended to converge to a smaller value. Apparently, m =
0.044, which was larger than that determined from the macroscopic stress-strain curves, is more
suitable in terms of the evolution of ¢ and 6. This tendency is consistent with the literature
(Kuwabara, et al., 2000).

These results indicate that the transition of ¢ became more pronounced with an increase in the
rate sensitivity exponent, presumably because the evolution of the slip rate 7@ after the path change
became smoother because of the increase in m. Additionally, the transition of 6 was also affected by
the rate sensitivity exponent.

In the present results, ¢ tended to converge to different values depending on the strain rate
sensitivity, as explained earlier, whereas 6 tended to converge to zero irrespective of the rate
sensitivity exponent. In contrast, Yang and Balan (2019) examined the effect of strain rate sensitivity
on the deformation behavior after strain-path change without considering work hardening, and showed
that the relationship between the viscoplastic strain rate and the stress ratio tended to converge to a
certain value irrespective of the strain rate sensitivity. They also reported that the deviation from the
reference curve after the strain-path change became more pronounced when isotropic and /or kinematic
hardening were considered. Kuroda and Tvergaard (1999) also discussed that the hardening would
affect the stress path after the abrupt path change. On the basis of the past studies, the dependence of
@ on the strain rate sensitivity observed in Fig. 16 would partially be because of work hardening of
the material.

Although m = 0.044 gave the best fits to the experimental results for condition 2 among the values
tested in the present case, there is no experimental evidence that m = 0.044 for single crystals is
physically appropriate for this material. The appropriate m value would also depend on the other
hardening parameters. Modeling of rate sensitivity of this material should be further studied from both
macroscopic and mesoscopic viewpoints in future works. Moreover, because the simulation results for
condition 3 still deviated slightly from the experimental results even with m = 0.044, it is considered
that other mechanisms, including work hardening, caused the difference between the experimental and

simulation results.

5.2.2. Strain-Path Change Test for Single Crystal

It has been established that stress and strain distributions are not uniform at the grain level in
polycrystalline materials although macroscopically uniform deformation is given (Zhao et al., 2008;
Lim et al., 2014; Baudoin et al., 2019). It is likely that the heterogeneous deformation at the grain level

disturbs the prompt response of macroscopic stress evolution along with the change in direction of
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plastic strain rate 6. Kuroda and Tvergaard (1999) performed crystal plasticity simulations of the
abrupt strain-path change tests of single crystals and showed that the nonnormality appeared just after
the abrupt change, as in the case of polycrystalline materials, indicating that the deviation from the
reference curve is inevitable also in single crystals. However, if the heterogeneous deformation at the
grain level affected the deviation, it is presumed that the deviation is smaller in single crystals than in
polycrystalline materials. To examine the effect of the heterogeneous deformation on the plastic flow,
simulations under condition 2 were conducted assuming single crystals where heterogeneity at the
grain level would be small. The strain rate sensitivity exponent m was set to 0.044 in this simulation
because m = 0.044 gave better agreement with the experimental result, as explained in Section 5.2.1.
An example of the simulation results is shown in Fig. 17. The Euler angles in the radians of the
single crystal considered here were (4.2191, 2.9200, 5.7445). The results were almost independent of
the crystal orientation. Because corresponding experimental results were not available, the reference
curve obtained from the Y1d2000-2d function determined for the single crystal is shown instead. 6
showed sharper changes in the single crystal than in the polycrystalline sheet. In contrast, the transition
of ¢ was somewhat similar to that of the polycrystalline sheet: ¢ deviated from the reference curve
in the plastic work range from W, = 1.0 to approximately 4.0 M] - m~3. These results suggest that the
effect of the heterogeneous deformation at the grain level is significant on the evolution of 8, while
that for the stress evolution was small, indicating that the delay in the stress evolution is almost

independent of the number of grains.

Strain path changes here
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Fig. 17. Crystal plasticity simulation results of transitions of 8 (solid line) and ¢ (broken line) as a function of

plastic work for a single crystal: a black solid line is a reference curve of @ obtained from the associated flow rule
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5.3. Plastic-Strain-Controlled Test

Considering condition 2 with a strain-path angle of 0°, which corresponds to plane-strain tension
in the RD, the plastic strain in the TD could in fact be increased, even after the path change, because
total strains, which include elastic strains, were controlled in the test. It is likely that the elastic strains
also affect the deformation behavior upon strain path changes, as pointed out by Yang and Balan (2019).
Therefore, to examine the effect of elastic strains, a plastic-strain-controlled test was conducted, in
which plastic strains ¢/, and &;, were directly controlled instead of total strains. Here, ¢/, and

&y, were approximated as follows.

Iz c
eh=¢,-—L+v—=2, (17)
E E
11 22
o c
el =g, ——Z+v-1L, (18)
E22 Ell

where E11 and E22 denote Young’s moduli measured in the uniaxial tensile test along the RD and TD,

respectively. The Poisson ratio vwas set to 0.3. Under condition 2, the sheet was stretched equi-
biaxially until &/ and &£, reached 0.005, followed by an abrupt change to tan™ (dgﬁ / dg;;) =0". A

crystal-plasticity simulation was also conducted under this condition. The strain rate sensitivity
exponent m was set to 0.044 in this simulation.

Fig. 18(a) shows the plastic strain paths achieved in the experiment and simulation. The two
results followed the command path overall, but a slight decrease in &;, occurred immediately after
the path change. This indicates that the plastic strains immediately after the path change could not be
represented by Eqs. (17) and (18). Therefore, in the following, the deformation behavior immediately
after the path change is not discussed, but subsequent transitions are the focus.

Fig. 18(b) shows the transitions of 8 and ¢ for the plastic-strain-controlled test. In the
experimental and simulation results, 6 decreased suddenly after the path change and overshot to
negative values, which corresponded to the slight decrease in &5, , as shown in Fig. 18(a). Thereafter,
6 converged more rapidly in Fig. 18(b) as compared with the result of condition 2 (Fig. 14). This
result suggests that the convergence rate of 8 was affected by elastic strains when total strains were
controlled. In contrast, the transition of ¢ still differed from the reference curve calculated from the
associated flow rule and was somewhat similar to that of condition 2. This result shows that the

tendency of the deviation from the reference curve was affected little by elastic strains.

6. Conclusions

In this study, biaxial tensile tests under various loading paths, including linear strain paths and

nonlinear strain paths with abrupt or gradual changes, were conducted using a 6022-T4 Al alloy sheet.
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The plastic deformation behavior resulting from strain-path changes was studied in detail, focusing on
the transitions of the direction of the plastic strain rate 8 and the stress ratio ¢ during deformation.
A cruciform specimen was used for this purpose. Crystal plasticity finite-element simulations were
also conducted to investigate the underlying deformation mechanism at mesoscopic viewpoints. The

main conclusions obtained in this study are summarized as follows.

1) The evolution of the plastic deformation behavior after strain-path changes is measured
experimentally under various strain paths. After the abrupt strain-path change, the plastic work

increment of roughly 4.0 MJ-m™3

, which corresponds to the strain increment of
approximately 0.024 under uniaxial tension in the RD, is necessary until the deformation can
be represented again by the associated flow rule with the Y1d2000-2d yield function and
isotropic hardening assumption. The simulation results reproduce the qualitative tendencies
observed in the experiments, but the deviation from the associated flow rule is much more
pronounced, particularly under nonlinear strain paths with gradual change.

2) The transitions of 8 and ¢ as a function of plastic work show that both 8 and ¢ tend to
converge to certain values regardless of the strain path if the final strain-path angles are
identical. It is also found that the relationships between ¢ and 6 temporarily deviate from
the associated flow rule immediately after the abrupt path changes because ¢ cannot follow
the rapid change of 6.

3) Parametric studies show that ¢ tends to converge to different values depending on the strain
rate sensitivity, whereas 6 tends to converge to a same value irrespective of the rate sensitivity
exponent. The rate sensitivity exponent m = 0.044 gives the best fits with the experimental
results in terms of the evolution of both 6 and ¢ under an abrupt change path, although the
rate sensitivity exponent determined from macroscopic strass-strain curves are m = 0.002.
However, the simulation results under a gradual change path still deviated slightly from the
experimental results even with m = 0.044, mechanisms other than the rate sensitivity also would

affect the predictive accuracy.
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Appendix

To examine the validities of the finite-element model and the number of crystal orientations used for

the present material, a simulation of uniaxial tension along the RD was performed using four different

sets of initial crystal orientations extracted from the same result of the EBSD measurement. The pole

figures obtained from these sets are shown in Fig. Al. Set 1 corresponded to that used in this work.

The overall pole figures and the max intensity values were in good agreements with the experimental

results (Fig. 1 (b)). Fig. A2 shows the stress-strain curves and the evolution of -values. The simulation

results were almost independent of the set of initial crystal orientations. These results indicate that the

finite-element model and the number of crystal orientations used in this work provide sufficiently

stabilized results to study the macroscopic deformation behavior of the present material.
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