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Abstract

We present crystal plasticity finite element simulations of plane strain compression of a-Brass single crystals with different initial ori-
entations. The aim is to study the fundamentals of mesoscale structure and texture development in face-centered-cubic (fcc) metals with
low stacking fault energy (SFE). Shear banding depends on the initial orientation of the crystals. In Copper and Brass-R-oriented crys-
tals which show the largest tendency to form shear bands, an inhomogeneous texture distribution induced by shear banding is observed.
To also understand the influence of the micromechanical boundary conditions on shear band formation, simulations on Copper-oriented
single crystals with varying sample geometry and loading conditions are performed. We find that shear banding can be understood in
terms of a mesoscopic softening mechanism. The predicted local textures and the shear banding patterns agree well with experimental

observations in low SFE fcc crystals.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Shear bands, in the form of non-crystallographic band-
like regions of concentrated plastic flow, are one of the
most frequently observed yet least understood microstruc-
tural features in plastically strained face-centered-cubic
(fce) metallic materials [1-8]. They are characterized by
massive collective dislocation activity in a narrow local
deformation zone while the abutting matrix undergoes
comparably homogeneous flow. Shear banding is pro-
moted when homogeneous dislocation slip is inhibited [9].
In such cases shear banding can act as an alternative and
mesoscopically non-crystallographic deformation mode,
often associated with a sudden drop in the local flow stress.
The stacking fault energy (SFE) plays an important intrin-
sic role in that context as it influences the formation of
strong obstacles [1,8,10-14]. For fcc materials with high
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or medium SFE, typical microstructure obstacles are elon-
gated dislocation walls and cell blocks. Shear bands in such
materials are classified as Copper-type shear bands. The
resulting crystallographic texture associated with Copper-
type shear bands are the {112}(111)(Copper) and
{123}(634)(S) texture components (Copper-type textures)
and {011}(100)(Goss) texture components [8,11,15]. In
contrast, in low SFE materials shear banding is preceded
by the blockage of dislocation slip by twin-matrix lamellae
at an early stage of deformation. Since the mesoscopic
alignment of shear bands differs from the {111} slip plane,
deformation inside the shear band is often referred to as
being non-crystallographic [1,4,10,13,14]. In this case,
shear bands are classified as Brass-type. The resulting tex-
tures are characterized by the Goss and {011} (21 1)(Brass)
texture components (Brass-type texture). In either case,
shear banding is initiated by a mechanical instability that
contains band-like dislocation cells or twin-matrix lamellae
as well as high local orientation changes at the border
between the band and the matrix [16]. Many high SFE
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metals, e.g. pure aluminum, deform more homogeneously
even at high plastic strains due to the extensive dynamic
recovery in these materials; hence, they develop Copper-
type textures [17,18]. These lead to a conclusion that in
materials with low SFE, shear banding has a decisive effect
on the texture transition from the Copper to the Brass type
[14,19]. The development of Brass-type shear bands is asso-
ciated with two important microstructure phenomena. One
is the effect of shear bands on local texture evolution with
increasing strain. The other is their role in transforming the
twin-matrix lamellae to a nanoscaled structure inside the
bands. Local orientation measurements using transmission
electron microscopy (TEM) reveal that shear bands cut
through profuse fine twins, following which a lattice rota-
tion different from that caused by dislocation and twinning
shear occurs within the bands [20,21]. Regarding the micro-
structural aspect, recent experiments employing high-reso-
Iution TEM confirm a two-stage process of shear bands
formation, i.e. a nucleation/initiation stage resulting in nar-
row bands composed of nanocrystals intersecting the twin
layers, and a thickening stage of the bands into their adja-
cent twin-matrix regions [20].

In the past decades, various simulation studies on shear
band formation and the associated texture evolution were
carried out [22-34]. Based on plastic power minimization
and maximum geometric softening considerations, the cri-
terion do/de < 0 where o denotes the equivalent true stress
and ¢ the equivalent true strain was identified as a condi-
tion for the initiation of localized deformation in early
works [35,36]. Other approaches assumed that shear bands
originate from unstable perturbations of the lattice orienta-
tion in a rigid-plastic single crystal [37,38]. Some studies
emphasized that the development of shear bands during
deformation depends on the mobility of dislocations asso-
ciated with specific microstructures. Although these studies
have profoundly improved our knowledge about shear
banding, no theoretical concept exists that allows us to
unambiguously predict: firstly, the process of shear band-
ing in terms of an initiation and thickening process; sec-
ondly, the crystallographic orientation dependence of
banding with respect to external and internal boundary
conditions; and thirdly, how shear banding contributes to
the resulting crystallographic texture. The reasons for the
absence of a consistent theoretical concept have been
ascribed to the lack of an incorporation of microstructure
[39] and to an insufficient mapping of crystallographic
aspects related to the phenomena [40].

Therefore, in this study, the development of shear bands
in a low SFE fcc material (o-Brass) is systematically studied
as a function of orientation, constitutive behavior, and
loading conditions. Plane strain compression of single crys-
tal samples with different initial orientations is simulated
using a crystal plasticity finite element (CPFE) model that
incorporates the non-crystallographic shear banding mech-
anism in addition to dislocation slip and mechanical twin-
ning [41]. Our aim is to predict the structure and texture
development of the material undergoing shear banding.

We analyze the simulation results with respect to mechan-
ical instability aspects, inhomogeneity of microstructures
and plastic flow, orientation dependence, and effects of
boundary conditions. More specifically, we conduct the fol-
lowing steps:

e By performing simulations with different constitutive
models on differently oriented single crystals, the effects
of initial orientation on shear banding are investigated.

e For each single crystal we analyze the resulting textures
in regions of strain localization. Predictions of local tex-
ture evolution in Copper-oriented fcc crystals are com-
pared in detail to published experiments.

e As Copper-oriented crystals have a strong tendency to
form shear bands, systematic simulations for this orien-
tation are performed on samples with varying aspect
ratios and boundary conditions.

2. Simulation procedure

2.1. Basic considerations on constitutive modeling of shear
bands

A CPFE model is used to simulate the evolution of
microstructure and texture in o-Brass (Cu—30 wt.% Zn) sin-
gle crystals during plane strain compression. The model is
based on a constitutive model that incorporates shear
banding as a separate non-crystallographic mechanism in
conjunction with dislocation slip and mechanical twinning.
Alternatively, simulations can be conducted by activating
only one or two out of these three competing mechanisms
(intrinsic shear banding, dislocations, deformation twins).
The implementation of dislocation glide and twinning fol-
lows the approaches presented recently by Jia et al. [41].
The implementation of shear banding as a third deforma-
tion mechanism is motivated by the experimental observa-
tion that shear bands develop with a non-crystallographic
geometry when normal crystallographic slipping is inhib-
ited by the twin-matrix structures [1,4,5,8,13,14]. We apply
here the continuum shear band approach originally devel-
oped for amorphous metallic materials [42] to simulate
shear banding in crystalline matter as already used in a pre-
ceding study on texture evolution in fcc polycrystals [41].

2.2. Constitutive formulations

2.2.1. Flow rule

We use the finite strain kinematic framework in which
the deformation gradient, F, is multiplicatively decom-
posed according to:

F = FF (1)
where F° is the elastic part comprising the stretch, U®, and
the lattice rotation, R®; FP is the plastic part of the defor-

mation gradient. The initial plastic deformation gradient
Fj is set to the inverse of the local crystal orientation,
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T,', and evolves at a rate governed by the plastic velocity
gradient LP:

FP = LPFP (2)

As plastic deformation alone does not alter the crystal
lattice orientation its evolution with strain can be calcu-
lated from the polar decomposition F°*=R® U°® as
T = R°®. Inspired by Kalidindi [43], the plastic velocity gra-
dient, LP, has contributions from 12 {111}(110) disloca-
tion slip systems, 12 {111}(112) twinning systems, and
the extra six shear band systems:

ZY m’ 0"+ Zv’* N Zvymsb @nf, (3)
o

The vectors m and n denote the directions and plane nor-
mals of the deformation systems on which shear occurs at a
rate of j. By omitting the volume fraction of the non-
twinned crystal portions in the contribution of dislocation
slip in Eq. (3) (in contrast to Ref. [43]), we (i) assume that
twins can be further sheared by dislocation slip in a compat-
ible manner to the surrounding matrix, and (ii) ignore any
potentially different evolution of slip resistance within them.

2.2.2. Dislocation slip and mechanical twinning

Conventional flow rules use a reference shear rate and a
rate sensitivity exponent, which are typically constant [34].
In this paper, however, following the work of Blum and
Eisenlohr [44], the evolution of dislocation densities is
related to dislocation multiplication, dipole formation
and dislocation annihilation. The flow rule describes ther-
mally activated dislocation motion through forest disloca-
tions. The shear rate of the slip system « is:

o\ P\ ¢
7 = pabvoexp K—k%—(;, (1 - |;|> ) }Sigﬂ(’i“) (4)

where % is the current resolved shear stress; * is the slip
resistance governed by the dislocation population; p, is
the unipolar dislocation density; b is the length of the Bur-
gers vector; vy is the dislocation velocity of the slip system
when subjected to a stress equal to the slip resistance 7*; Qy
is the activation energy for dislocation slip; kg and T de-
note the Boltzmann constant and temperature, respec-
tively; p and ¢ are numerical parameters to adjust the
obstacle profile [45]. The slip resistance 7* depends on the
local dislocation densities as:

Nslip 1/2
= = Tsolute + Gb(Z iou’ (Psg1 + pdlp)) (5)

with 7414t @ constant resistance from solid solution, G the
shear modulus, pj the dipolar dislocation density, and ¢,
characterizes the interaction strength between different slip
systems o and o as a result of the possible interaction types
of self, coplanar, collinear, orthogonal, glissile and sessile
[46].

Based on the twin nucleation model proposed by Maha-
jan and Chin [47], it is assumed that the critical twin nucle-

ation event consists in the correlated bow-out of three
partial dislocations between pinning points separated by
L. Then, the critical stress for twin formation is calculated
as

Vst 3thwin

%Wil = +
i 3btwin LO

(6)

where b, 1s the magnitude of the Burgers vector of the
moving partials and 7y is the stacking fault energy of the
material. Using this critical stress the twin nucleation rate
is expressed as

NP = Noexp {— <T‘;;) } (7)

where 7” is the resolved stress in twin system f, and N, and
r are fitting parameters. It should be mentioned that for
dislocation slip, the rate equation of the dislocation multi-
plication is in the form dp = b 7l where 4% is the effective
spacing between obstacles. With the presence of twins A*
has to include twin boundaries as additional obstacles to
dislocation motion. The slip—twin interaction parameter
¢, 1s hence introduced for the interaction between slip sys-
tem o and twin system f. If planes « and f are coplanar or
p is a cross-slip plane for o, .5 is 0. In other cases &, is
equal to 1. Finally, the mean free path of dislocations is cal-
culated as

1 1 N twin

= Z é,{/}

—
A d grain

dﬁ (8)

twin

where dg4in i the constant grain size, and d,in evolves with
twin volume fractions as:

with s a constant twin thickness, f'the total volume fraction
of twins and /* the volume fraction of a specific twin sys-
tem. Details of the dislocation and twinning models are de-
scribed in Refs. [41,44,45].

2.2.3. Shear banding

The incorporation of shear banding into the constitutive
model is motivated by the fact that non-crystallographic
shear zones occur in low SFE alloys when dislocation slip
is inhibited, e.g. by the presence of dense twin boundaries
as frequently observed in experiments [1,4,5,8,13,14]. The
shear banding mechanism suggested by Anand and Su
[42] for amorphous materials and by Wei et al. [48] for
nanocrystalline materials is adopted in this work. In this
approach, the potential shear band systems, defined rela-
tive to the three (variable) principal directions of the sec-
ond Piola—Kirchoff stress T® (conjugated to the elastic
Green—Lagrange strain), are introduced when the critical
stress for shear band formation is reached at one material
point. The decomposition of the Piola—Kirchoff stress T€ is:

3
Te = Zo—jéj & éi (10)

i=1
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where o; are the principal stresses and €; the orthonormal
principal directions of T¢. Plastic flow due to shear banding
is considered on six potential systems in those (non-crystal-
lographic) planes that are constructed by the three princi-
pal stress directions. The potential shear band systems on
the (¢,—-€;) planes are specified by a direction m, and a plane
normal n:

m'" = cos 0&, + sin 0é;,
m® = cos 0¢, — sin 0é;,

m® = cos 0&, + sin 0é,,

4)

m® = cos 0¢, — sin 0é,,

m® = cos 0&, + sin 0és,

m'® = cos 0¢, — sin 0é;,

nY = sin 08, — cos 0é,
n® = sin 08, + cos 0é;
n® = sin 0é, — cos 6é,
n® = sin &, + cos 0é,
5)

n® = sin 0&, — cos 0é;

n® = sin 0é, + cos 0é,

(11)

with 0 = n/4.

To formulate a kinetic equation for shear band forma-
tion, we adopt the approach of Anand and Su [42] and
Wei et al. [48], which is phenomenologically related to that
used for crystallographic slip (Eq. (4)). This approach is
sensible since a strain-softening criterion, which is also dis-
cussed for low SFE fcc alloys [20,21], introduces non-con-
vexity into the constitutive law. This renders the softening
criterion difficult to implement in the current framework
due to convergence issues. Thus, the original governing
condition for the “nucleation” of shear bands is modified
from a diminishing strain-hardening criterion to a critical
resolved stress criterion, i.e. a resistance to shear banding.
The shear rate y* for the shear band system y is formulated
in analogy to that for dislocation slip systems:

. L\
7= hexp | (~ 2= Ely) Jsen(en (12
where 7§ is a reference shear rate, * is the resolved stress on
system y, and 7, is the constant threshold stress for shear
banding. It is worthwhile to mention that these shear rates
just contribute to the plastic deformation velocity gradient
LP of the crystal according to Eq. (3) and we do not treat
the shear bands as extended objects with an orientation dif-
ferent from that of the matrix.

2.2.4. Constitutive material parameters

The constitutive parameters are determined by fitting
the macroscopic stress—strain (o—¢) and the strain-harden-
ing (do/de—o) curves obtained from uniaxial compression

tests of a-Brass [49]. According to our recent work [41],

the optimal parameters are:

e Single crystal elastic constants: Cj; = 147 GPa,
ClZ =111 GPa, C44 =72 GPa.

e Parameters regarding the motion and thermal activated
annihilation of dislocations according to the constitutive
equations in Section 2.2: dgin =30 pm, s=0.1 pm,
b=256x10"""m, 1Tyue=0.033GPa, Q,=4.0 x
1077, p=1.15, ¢ = 1.0. The initial dislocation density

Pse10 and dipole density pgipo are taken as pgg 0 = 1.0 x
10" m~2 and Pdip,o = 1.0 m 2. The bulk diffusion coeffi-
cient Dy is 3.4 x 10 m?*s™ 1.

e Parameters regarding twin formation:
bewin=1.47 x 107 m, 74=0.015J m 2, Ly =520 x b,
No=5.0x10"s"", r=2.0.

e Parameters regarding initiation of the shear band sys-
tems: 7% = 1.0 x 107*ms™', 13, = 0.18 GPa.

2.3. Application to fcc single crystals

Based on the constitutive laws outlined above, the
CPFE simulations are carried out using the finite element
solver MSC.Marc2010 together with a user defined mate-
rial subroutine. The present paper focuses on the deforma-
tion of four single crystals with initial Copper
((112)[111]), cube ((100)[001]), Goss ((011)[100]) and
Brass-R ((111)[112]) orientations, respectively. In each
model, the textured material is exactly oriented as ideal
component, i.e. all elements have the same initial orienta-
tion without any orientation scatter. FE meshes with sec-
ond-order isoparametric, six-noded, two-dimensional
plane strain triangular elements are used. The same orien-
tation (of the crystal) is assigned to each of the three inte-
gration points in an element. Fig. 1 shows the modeled
region with thickness H, and length Ly = Ho/2 (aspect ra-
tio =0.5) in a bulk material in an undeformed state. For
simulating plane strain compression, the elongation direc-
tion (ED), normal direction (ND), and transverse direction
(TD) are set to coincide with a Cartesian coordinate sys-
tem, X, Y, and Z, respectively. Aiming at an explicit under-
standing of the influence of initial orientation, sample
geometry and boundary conditions on shear banding
deformation, the simulations are divided into three groups:

e Group 1 (effect of initial orientation): single crystals with
different initial orientations of Copper, cube, Goss and
Brass-R; same thickness-to-length ratio of 0.5; a pre-
scribed displacement corresponding to the thickness
reduction is applied to the top edge with a strain rate
of 1073 s~!. The right edge is free to move in the X direc-
tion. The left and bottom edges are constrained from
moving in the X and Y directions, respectively. Multi-
point constraints are applied to maintain the right edge
straight during deformation. The boundary conditions
are denoted hereafter as “Tie Right” and applied for
all the simulations in this group. Simulations are per-
formed using four models incorporating different spe-
cific deformation mechanisms: (i) dislocation slip only,
denoted hereafter as “Slip” model; (ii) dislocation slip
and mechanical twinning, denoted as “Slip + Twin”
model; (iii) dislocation slip, twinning and shear banding,
denoted as “Slip + Twin + SB” model; and (iv) disloca-
tion slip and shear banding, denoted as “Slip + SB”
model.
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e Group 2 (effect of sample geometry): single crystal ini-
tially oriented as Copper orientation using different
thickness-to-length ratios of 0.5, 0.67, 1.0 and 2.0. Here
we use “Tie Right” boundary conditions. Slip + T-
win + SB simulations are performed on crystals with
different geometry.

e Group 3 (effect of boundary conditions): single crystals
initially oriented as Copper orientation with a thick-
ness-to-length ratio of 0.5. In addition to the boundary
conditions described above, three other types of bound-
ary conditions are adopted for each simulation: (i) with-
out multi-point constraints on the right edge and other
settings identical to “Tie Right”, denoted as “Relax
Right”, (ii) without multi-point constraints on both left
and right edges, nodes in the middle of the top and bot-
tom edges could not move in the X direction. The other
settings are the same as used for “Tie Right”, denoted as
“Relax Both”, and (iii) periodic boundary conditions,
denoted as “PBC”. Still, Slip + Twin + SB simulations
are performed in this group.

3. Simulation results

3.1. Group 1 (single crystals with different initial orientation
but the same aspect ratio and boundary conditions)

3.1.1. Mechanical response

The equivalent true stress—equivalent true strain curves
of the single crystals obtained from models incorporating
different deformation mechanisms are shown in Fig. 2.
The onset of strain localization defined by the first appear-
ance of a negative strain-hardening rate, i.e. do/de <0, is
marked by “O”, where ¢ and ¢ denote equivalent true stress
and equivalent true strain, respectively. For the crystals
with initial Copper and Brass-R orientations, the Slip +
Twin + SB and Slip + SB models predict earlier strain
localization (at a strain level below ~0.35 for Copper,
and below ~0.2 for Brass-R) compared to the slip and
Slip + Twin models (at a strain of ~ 0.4 for Copper, and
~0.3 for Brass-R). Because of the specific boundary condi-
tions applied in the models, the strain localization is not
caused by a distorted shape of the samples, as can be seen
from the deformed configuration in Fig. 3. For cube, the
shear band simulations (Slip + Twin + SB and Slip + SB)
show that localization occurs at a strain above ~0.42, while
the simulations without shear banding (slip and Slip +
Twin) do not show localization until 0.8. For Goss-textured
material, all simulations do not show strain localization.

Fig. 3 shows the distribution of equivalent logarithmic
strain for each single crystal at 37% thickness reduction
(0.46 strain). Since the slip and Slip + Twin models predict
similar strain patterns and the Slip + Twin + SB model
also predicts similar behavior as the Slip + SB model, only
results obtained from the Slip+ Twin and Slip+
Twin + SB simulations are presented. For the Copper-
textured material (Fig. 3a), pronounced strain localization
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Fig. 1. Schematic of a single crystal model consisting of triangular
elements. To simulate plane strain compression, a prescribed displacement
corresponding to the thickness reduction is applied to the top edge. The
left and bottom edges are constrained from moving in the X and Y
directions, respectively. The right edge is permitted to move in the X
direction.

(with the maximum variation of local strain among the
constituent material points of ~3.0) is predicted by both
models. However, different strain patterns are observed:
the Slip + Twin simulation shows that strain is localized
between the top-left and bottom-right corners of the Cop-
per-oriented crystal and the zone of high strain is inclined
at ~44° to ED; the Slip + Twin + SB model shows that
the localized zone is between the left and right bounding
edges of the crystal and forms an angle of ~39° to ED.
With the use of both models, pronounced strain localiza-
tion is also predicted in the Brass-R crystal (Fig. 3d), while
the cube and Goss-textured single crystals show very weak
localization with a maximum strain variation below 0.15
(Fig. 3b and c¢).

Shear contributions of the competing deformation sys-
tems (dislocation slip, twinning, shear banding) obtained
from the different simulations are plotted as a function of
the equivalent true strain in Fig. 4. The individual contri-
butions are given as summations over the absolute values
of the shear rates on the different systems for each type
of mechanism, and then, normalized by the overall shear
in each time step. For the Copper-textured material
(Fig. 4a), the following features are observed. The slip sim-
ulation shows that the shear rate on the slip systems gener-



3420

(a)
__ 500
©
o
£
@ 400+
»
£
“ 300
o
=
S
=
:,E, 200
© Single crystal: Cu
2 Slip model
3 100 —— Slip+Twin model
w — Slip+Twin+SB model

—— Slip+SB model
0 T T T T T T T

T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Equivalent true strain

(b) 500

g

E 400

]

g o

5 3004

7]

(]

=}

=]

= 200

c

K]

(; Single crystal: Cube

= Slip model

g_ 1004 —— Slip+Twin model

w —— Slip+Twin+SB model

—— Slip+SB model

0 T T T

T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Equivalent true strain

N. Jia et al. | Acta Materialia 60 (2012) 3415-3434

(C) 400
©
o
£ 300-
0
0
s
7}
g 200
S
=]
-
c
2
[ Single crystal: Goss
z 1004 Slip model
[<3 —— Slip+Twin model
w —— Slip+Twin+SB model
—— Slip+SB model
0 —T—— T

T T T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Equivalent true strain

—
Q.
N d

— 400

©

o

=

@ 300

15

=]

7}

S

5 200

-

c

2 )

© Single crystal: Brass-R

% 100+ Slip model

o —— Slip+Twin model

w —— Slip+Twin+SB model

—S@+SB model

0 T T T T T T T

T T T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Equivalent true strain

Fig. 2. Predicted stress—strain curves for single crystals with different initial crystallographic orientations during plane stress compression: (a) Copper, (b)

cube, (c) Goss and (d) Brass-R.

ally remains on a constant level during plastic straining.
For the simulation considering dislocations and twins
(Slip + Twin model), an increase in the twinning shear rate
is predicted at an initial stage of deformation, and the max-
imum occurs at a strain of 0.13. With further deformation,
the shear rate carried by dislocations increases, indicating
that the material is deformed both by slip and by twinning.
For the Slip + Twin + SB simulation, at the initial stage of
deformation dislocations and twins provide similar shear
contributions as in the models without shear banding. At
a strain of 0.07, the shear rate from dislocation slip drops
and the shear rate contributed by shear banding increases,
indicating that shear banding increasingly carries the defor-
mation. When the strain reaches 0.15, the shear rate on the
shear band systems is higher than that contributed by both
dislocations and twins, and with further deformation the
three mechanisms continuously compete against each
other. Compared to the Slip + Twin + SB simulation, the
Slip + SB model shows similar shear contributions of the
dislocations and shear bands. The more pronounced con-
tribution of shear banding predicted by the Slip + T-
win + SB model suggests that the development of shear
bands is facilitated by shear strain accumulation in the
twinned structure [14,20]. We hence note that the distribu-

tion of localized strain predicted by the shear band model
in the Copper-oriented crystal corresponds to the shear
band development, whereas the localization predicted by
the Slip + Twin model is caused by dislocation shear defor-
mation. For the cube-textured material, the shear band
simulations show that the shear rate contributed by shear
banding increases at a later stage compared to the Cop-
per-textured material, and shear banding starts to domi-
nate over the other deformation mechanisms after a
strain of 0.4 (Fig. 4b). The initially Goss-oriented crystal
exhibits zero shear rates of shear banding during the whole
deformation range studied (Fig. 4c). These observations
indicate that the materials with initial orientations of cube
and Goss are advantageous for preventing shear band
development, which is consistent with an investigation on
the effects of different texture components on the formabil-
ity of aluminum alloys [50]. For the initially Brass-R-tex-
tured single crystal, the shear band simulations predict
that the decrease in shear contribution from dislocations
together with the increase in the shear rate contributed
by shear banding occur at an early stage of deformation
(below 0.1 strain as shown in Fig. 4d). This suggests that
shear band systems are readily activated in this material
at an early loading stage. However, further deformation
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Fig. 3. Predicted distributions of equivalent logarithmic strain for single crystals with different initial orientations at 37% thickness reduction: (a) Copper,
(b) cube, (c) Goss and (d) Brass-R. Left column: Slip + Twin simulations; right column: Slip + Twin + SB simulations. Red square frame indicates

geometry of the undeformed crystal.

proceeds mainly via dislocation slip rather than via shear
banding, although the shear contribution on shear bands
has reached the maximum below 0.25 strain. It is also of
interest to note that unlike the Copper-oriented crystal
which exhibits a pronounced difference in strain pattern

between the Slip + Twin and Slip + Twin + SB simula-
tions, the Brass-R material shows similar localization of
strain in the two simulations except for some difference in
magnitude of the localization and angle between the local-
ization and ED. This is an indication that shear banding
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Fig. 4. Predicted shear contributed by the different deformation systems (dislocation slip, twinning and non-crystallographic shear banding) as a function
of the equivalent true strain for single crystals with different initial orientations: (a) Copper, (b) cube, (c) Goss and (d) Brass-R.

activity is triggered at the material points where stress con-
centrations occur. However, this stress concentration does
not necessarily occur in the regions with localized strain.

3.1.2. Crystallographic texture evolution

3.1.2.1. Single crystal with initial Copper orientation. With
the aid of modern microtexture mapping techniques, i.e.
transmission electron microscopy and electron back-scatter
diffraction (EBSD), numerous studies on local orientation
changes in fcc single crystals with low SFE have appeared
in the past decade [8,13,14,19,40,51-54]. Among the many
relevant texture components single crystals with Copper
orientation were mostly selected for such studies owing to
their tendency to form complex microstructures, specifi-
cally shear bands. It is an important advantage in corre-
sponding experiments that the topological analysis of
shear banding for crystals of this specific orientation by
serial sectioning and three-dimensional EBSD methods
can be omitted since the shear zones are formed on a plane
parallel to TD [19]. Systematic measurements of local ori-
entations have been performed on many Copper-textured
materials, such as silver [8,14], Copper [8,19], and Cu-Al
alloys [8,13,40]. In this section, the simulated local texture
evolution of an initially Copper-oriented single crystal is

compared to the very well documented measurements con-
ducted on a (112)[1 11] oriented Copper sample exposed to
channel-die deformation at 77 K by Paul et al. [19]. In this
work TEM orientation mapping was performed and pole
figures of the differently deformed zones, i.e. of the matrix,
matrix/shear band boundary and the shear band interior
were individually displayed as shown in Fig. 5.! The ideal
positions of the characteristic texture components devel-
oped during plane strain compression are shown in
Fig. 5d. The strong primary matrix orientation compo-
nents, i.e. (4411)[11118] (D) and (26265)[5552] (D) are
gradually weakened when moving from the matrix
(Fig. 5a) towards the shear banding area (Fig. 5b), Inside
the shear band they disappear (Fig. 5c). This process is
characteristic of the orientation maps observed for many
low SFE metals, although the texture intensity changes as
the shear bands develop [8,13,14,40]. Within the well-devel-
oped shear band, a wide range of crystallographic orienta-
tions resulting from TD rotations of matrix regions are
found, while the dominance of orientations near Goss

! Experiments were performed on the mixed microstructure with a well-
developed shear band crossing twinned matrix in a 50% deformed sample,
as shown in Fig. 8 of Ref. [19].
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(d)

Fig. 5. Experimental {111} pole figures of different areas: (a) twinned matrix, (b) matrix/shear band boundary, and (c) shear band in a Copper orientated
Copper after channel-die deformation at 77 K [19]. (d) Schematic sketch showing ideal positions of the characteristic texture components in a {111} pole
Fig. 1: (112)[1171]; 2: (4411)[11118]; 3: (114)[227]; 4: (112)[1T1]; 5: (11,4)[221]; 6: (110)[0013; 7: (26265)[5552]; 8: (552)[T15]. All these texture

components develop from the (112)[111] orientation during plane strain compression.

and (114)[221] (Goss") is evident (Fig. 5c). In the bound-
ary (transition) area, orientation components both, from
the twinned matrix and the shear bands are identified.
Fig. 6 shows the {111} pole figures of the Copper-ori-
ented crystal after different thickness reductions as pre-
dicted by the Slip + Twin and Slip + Twin + SB models.
The orientations extracted from the FE integration points
with and without strain localization are used to calculate
the crystallographic textures of the areas with strain local-
ization and of the matrix, respectively. The orientations
from all FE integration points represent the global textures
of the sample. After 5% thickness reduction localization
has not occurred at any integration point, thus only the
global textures are presented. At this strain level, the initial
orientation is essentially inherited in both cases. After 20%
deformation, no obvious differences in orientation density
are found among the two different types of areas by using
the Slip + Twin model. The texture components in the
matrix and within the strain localized zones include the
Copper and the (552)[115] (Copper") components. Weak
D and D" are also identified. Similar textures are obtained
from the Slip + Twin + SB simulation except for the disap-

pearance of the initial Copper orientation in the strain
localized area. After 37% reduction, differences between
the two model predictions become evident. Using the
Slip + Twin model, some orientation splitting about TD
is predicted in the matrix area, while in the area with strain
localization a transition from the Copper component
towards the Copper' and D components is clearly identi-
fied. As the strain localized area only covers a small frac-
tion of the entire sample (Fig. 3a), the D component does
not appear in the global texture. The experimental textures
within the shear band area are apparently not of Copper-
type as would be expected from homogeneous dislocation
shear deformation. We hence suggest that shear banding
is responsible for the inhomogeneous distribution of the
textures in low SFE fcc materials. On the other hand, the
Slip + Twin + SB model predicts that in the localization
zones the D and D' components decrease while Goss
and Goss' texture components increase significantly, while
the textures in the matrix area remain stable, as is predicted
by the model without shear banding. Still, by using the
shear band model, a global texture evolution from Cop-
per’, D and D' towards Goss and Goss" is predicted.
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Fig. 6. Predicted {111} pole figures of different areas (matrix area, overall area and strain localized area) in the initially Copper-oriented single crystal at

thickness reductions of 5%, 20% and 37%, respectively.

Comparing the simulations with the different deformation
mechanism, it is revealed that the model incorporating
non-crystallographic shear contributions captures the local
orientations in the different areas more adequately when
compared to the experiments.

3.1.2.2. Single crystals with initial cube and Goss orientation.
As predicted by the Slip+ Twin and Slip + Twin + SB
simulations, the cube- and Goss-oriented crystals exhibit
a homogeneous strain distribution at 37% and also at
higher thickness reductions. This is in accordance with
experimental observations that in fcc crystals with these
initial orientations under plane strain load only a uni-
form dislocation-related microstructure evolves and no
band-like strain localization occurs during plane strain
deformation [53,54]. The current simulations also predict
that perfectly oriented cube and Goss crystals remain
quite stable up to 80% thickness reduction. Hence, we
do not show the corresponding pole figures of these
materials.

It is worth noting that the cube-oriented crystal in fcc
metals is only metastable under plane strain loads, owing
to the fact that the lattice rotation of the crystal sensitively
depends on the exact initial orientation and the imposed
boundary conditions [55-57,31]. In order to observe tex-
ture evolution of the cube orientation under the effect of
shear banding, simulations on a sample with an initial ori-
entation scatter prior to loading are performed [33,56,57].
More specific, the initial texture scatter of the near-single
crystal sample is described in the form of a spherical Gauss

component [24,56] with a full width at half maximum of
10°, while the other simulation parameters are not changed
[56]. Since the shear band systems in the cube-oriented
crystal are activated at a later deformation stage compared
to the Copper and Brass-R orientations, the simulation
results up to 80% deformation are presented for the ini-
tially textured material. As predicted by both simulations
(i.e. with and without shear banding model) (Fig. 7), after
40% thickness reduction orientation splitting about both,
ED and TD become evident [56]. After 80% thickness
reduction, both models exhibit a clear texture transition
from cube towards Goss. However, the shear band simula-
tion shows that the orientation splitting about the ED is
impeded with the initiation of the shear band systems.

3.1.2.3. Single crystal with initial Brass-R orientation. Fig. 8
shows the texture evolution of the Brass-R-oriented crystal
obtained from the Slip + Twin and Slip + Twin + SB sim-
ulations. Both models show that at 5% thickness reduction
when no strain localization occurs anywhere in the mate-
rial, the global texture is dominated by the Brass-R compo-
nent. After 20% deformation, the Slip + Twin model does
not show substantial texture changes in either the matrix
or the strain localized areas except for a minor deviation
from the original orientation. After 37% deformation in
the matrix area the Copper and (113)[332] (close to the
D orientation) components are developed. In the strain
localized area a development of the (113)[332] and
(221)[T14] (close to the Copper' orientation) components
is predicted, accompanied by a complete reduction of the
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Brass-R component. The Slip + Twin + SB simulation pre-
dicts that at 20% deformation in the strain localized area
the original Brass-R orientation is shifted towards the Cop-
per and (113)[332] components, while the textures in the
matrix area only show a minor change. When using the
shear band model, after 37% deformation a significant
development of the Goss and Goss' components is pre-
dicted in the shear band zones. The (221)[114],
(113)[33,2], and (14143)[3328] (close to the D' orienta-
tion) components are also predicted in this area. At this
stage the Brass-R component has been reduced in the strain
localized area; however, it remains stable in the matrix.
According to both simulations, as the overall fraction of
the zones that are affected by localization is small
(Fig. 3d), the global texture components resemble those
in the matrix area.

aspect ratio: 0.5

3.2. Group 2 (Copper-oriented single crystal with same
boundary conditions but different specimen aspect ratio)

Using the Slip + Twin + SB model, the group 2 results
on the strain distribution and shear rate of the shear band
systems after 20% thickness reduction are shown in Fig. 9.
At that strain level, zones with localized strain appear in all
simulations (Fig. 9a). For the crystals with low aspect
ratios (0.5 and 0.67), less significant and broader localiza-
tion with a width of ~20 elements is predicted. In the case
of higher aspect ratios (1.0 and 2.0), very sharp localization
with a width below five elements is predicted. The initiation
of the shear band systems that correspond to the strain
localized zones is also identified in all the crystals
(Fig. 9b). It is noted that the formation of shear bands
depends on the thickness-to-length ratio of the modeled

aspect ratio: 0.67

aspect ratio: 1.0

aspect ratio: 2.0

Fig. 9. Predicted distributions of (a) equivalent logarithmic strain and (b) shear rate of the shear band systems for the initially Copper-oriented single
crystal with different aspect ratio (0.5, 0.67, 1.0 and 2.0) at 20% thickness reduction. These simulations used the Slip + Twin + SB constitutive models.
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aspect ratio: 0.5

aspect ratio: 0.67

aspect ratio: 1.0

aspect ratio: 2.0

Fig 9. (continued)

sample. The crystal with an aspect ratio of 0.5 shows a 41°
inclination of the shear band relative to ED, while the crys-
tal with an aspect ratio of 0.67 shows a smaller inclination
angle of 37°. In addition, the simulations with lower aspect
ratios show shear bands in the direction between the left
and right bounding edges (bottom-left and top-right),
whereas the high aspect ratio simulations show shear bands
in the other directions between the top and bottom edges.
To identify the individual contributions of dislocation slip,
twinning and shear banding to the overall deformation, the
evolution of the normalized shear rates on the different
deformation systems is presented in Fig. 10. All simulations
indicate that the shear band systems are activated at an
early stage of deformation. However, at 20% deformation
(0.22 strain), the models which assumed aspect ratios of
0.5 and 0.67 predict a more pronounced contribution of
shear bands to the overall deformation compared to the
predictions obtained for aspect ratios 1.0 and 2.0. This

means that the origin of the strong strain localization
as predicted by all simulations is different for the low and
high aspect ratio models. In this context, the question
arises why the different models predict a different distribu-
tion of shear bands. The possibility that a smaller thick-
ness-to-length ratio of the sample induces a shape
instability, can be ruled out because for the simulated
crystals in this study even the smallest aspect ratio of 0.5
is much larger than the critical ratio at which geometrical
softening occurs [58].

3.3. Group 3 (Copper-oriented single crystal with same
aspect ratio but different boundary conditions)

The focus here is on the boundary-condition-dependent
shear banding of single crystals under plane strain com-
pression. For this parameter study we deform a Copper-
oriented crystal as it has a high tendency to initiate shear
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Fig. 10. Predicted shear contributed by the different deformation systems
(dislocation slip, twinning and shear banding) as a function of equivalent
true strain for the initially Copper-oriented single crystal with different
aspect ratio (0.5, 0.67, 1.0 and 2.0). These simulations used the
Slip + Twin + SB constitutive models.

bands. Fig. 11 shows the distribution of the equivalent log-
arithmic strain, the shear rate of the shear band systems as
well as the equivalent Cauchy stress obtained from simula-
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tions with specific boundary conditions “Tie Right”,
“Relax Right”, “Relax Both”, and “PBC” (as explained
in Section 2.3). Different color coding is used to show the
magnitude of the variables for the respective simulations.
It is revealed that at 20% thickness reduction (Fig. 11a),
the accumulated strain is localized close to the top and bot-
tom edges of the samples in all cases and close to the left
and right bounding edges in the “Tie Right” case. In the
simulations with “Relax Right” and “Relax Both” bound-
ary conditions, significant curvature of the edges perpen-
dicular to ED appears. Accordingly, strong strain
localization related to mesh distortion near the left and
right edges is observed in these cases. A clear initiation of
the shear band systems associated with free edge curvature
is also predicted in Fig. 11b, which is consistent with the
distributions of strain and stress. More specific, zones with
a high shear rate contribution from shear bands also exhi-
bit a clear localization of the equivalent logarithmic strain.
The activation of the shear band systems is triggered by the
stress concentration in the shear banding zones (Fig. 11c).
The results at a higher thickness reduction predicted by the
simulations with “Tie Right” and “PBC” boundary condi-
tions are presented in Fig. 12 (convergence is obtained in
these simulations). For the simulation with “Tie Right”

Relax Both

PBC

Fig. 11. Predicted distributions of (a) equivalent logarithmic strain, (b) shear rate of the shear band systems and (c) equivalent Cauchy stress for the
initially Copper-oriented single crystal with different boundary conditions (“Tie Right”, “Relax Right”, “Relax Both”, and “PBC”) at 20% thickness

reduction. These simulations used the Slip + Twin + SB constitutive models.
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Fig. 12. Predicted distributions of (a) equivalent logarithmic strain, (b) shear rate of the shear band systems and (c) equivalent Cauchy stress for the
initially Copper-oriented single crystal with different boundary conditions (“Tie Right” and “PBC”) at 32% thickness reduction. These simulations used
the Slip + Twin + SB constitutive models. Jogs on the free edges and kink of the first family of shear bands (SB,) are indicated in the simulation using

“PBC” boundary conditions.

boundary conditions, a pronounced shear band forms
between the left and right edges. The results for the simu-
lation with “PBC” boundary conditions also show very
severe shear bands with significant strain localization. With
the same color coding as that used for 20% reduction, the
stress contours show a more homogeneous distribution
throughout the sample. This indicates a release of stress
inside the shear bands. Moreover, activation of the shear
band systems is localized at the border of the bands, sug-
gesting that shear banding starts to accommodate the
imposed deformation between shear bands and zones out-
side the bands. Another important characteristic of the
simulations is that the shear within the bands leads to jogs
on the free edges (black arrows in Fig. 12), as also pre-
dicted by the simulation using “Relax Both” boundary
conditions at 20% deformation (Fig. 11). This agrees very
well with experimental observations on low SFE fcc crys-
tals with a structure saturated with macroscopic shear
bands [8,14,19].

4. Discussion
4.1. Orientation dependence of shear banding (Group 1)

In the developed shear band model, the potential shear
band systems are activated when a critical resolved stress,
i.e. a resistance to shear banding, is reached at a material
point. Consequently, the effect of the initial orientation
on shear band formation is due to the mechanical proper-
ties of the individual crystals. More specific, the difference
in the mechanical properties between the different orienta-
tions is related to the critical shear stress relationship
among the competing deformation modes and their orien-
tation-dependent activation. To show this more clearly, the
equivalent true stress—equivalent true strain curves of the
orientations obtained from the Slip + Twin simulations
are shown in Fig. 13, indicating different yielding and
strain-hardening behaviors of the crystals deformed via dis-
location slip and twinning. The crystal that requires a
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of the differently orientated single crystals by using the Slip + Twin
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higher stress for deformation yields earlier localization and
hence shear band formation. For instance already at a
strain level below ~0.4 the Copper-oriented crystal shows
the highest stress and the strongest tendency to form shear
bands, whereas the Goss-oriented crystal shows the lowest
flow stress and yields a homogeneous strain distribution.
For the set of representative single crystal orientations
included in the present study, the tendency to initiate shear
banding increases in the order: Goss, cube, Brass-R, Cop-
per. The shape and stability of the flow curves in Fig. 13 is
analyzed in terms of the Considere instability criterion, i.e.
in terms of the point at which do/de = o is satisfied. This
relation identifies the point where further strain hardening
becomes insufficient to compensate for geometrical soften-
ing. The intersection between the stress—strain curve and its
derivative occurs at ¢ = 0.3 for the Copper orientation, 0.43
for the cube orientation, 0.35 for the Goss orientation, and
0.25 for the Brass-R orientation, respectively. This exactly
reflects the tendency of shear band initiation in the differ-
ently oriented crystals. More specific, the Copper and
Brass-R orientations are less stable and experience more
geometrical softening compared to the cube and Goss ori-
entations. The result is consistent with the predictions by
the Slip + Twin + SB model, namely, that the Copper
and Brass-R-textured materials exhibit much earlier
increase of the shear rates on the shear band systems than
the cube and Goss-oriented crystals.

According to the investigation of Al-Mg crystals [18],
shear bands are found in Copper-oriented crystals, but
not in Goss crystals. The authors suggest that the initially
Copper-oriented crystals exhibit an asymmetry of the
active slip systems, which contributes to the formation of
a lamellar dislocation structure parallel to prevalent slip
plane. For this reason shear banding is initiated preferen-
tially in Copper-oriented grains. In agreement with the
explanation, a more homogeneous dislocation structure
without shear bands is developed in the Goss orientation
with a more symmetrical arrangement of the slip systems.
Regarding this trend, our predicted orientation dependence

of shear banding is consistent with the microstructure-
dependent activity of the slip systems as reported in the lit-
erature [18].

4.2. Effects of shear banding on texture evolution (Group 1)

The simulations using the shear band constitutive model
predict significant non-crystallographic shear banding in
the Copper, Brass-R and cube-oriented crystals at strain
levels above 0.07, 0.1 and 0.4, respectively (Fig. 4). For
the crystals initially oriented with Copper and Brass-R,
the texture components inside the shear bands have rotated
towards Goss after 37% thickness reduction. For the cube
crystal with an initial orientation scatter of 10°, this texture
transition is predicted by both the Slip+ Twin and
Slip + Twin + SB models, although the orientation seems
to be more stable against reorientation with the initiation
of shear banding.

As most of the experimental observations on shear
banding are available for deformed Copper-oriented single
crystals, we focus the following discussion on this orienta-
tion. According to the experimental results on Copper-ori-
ented fcc single crystals by Paul et al. [8,19], at small plastic
strains the crystals deform by homogeneous slip on four
slip systems with identical Schmid factor. Two of them
operate as co-planar (CP) systems while the others are
co-directional (CD). This slip activity is well reproduced
by both the Slip + Twin and Slip + Twin + SB simulations
showing an angle of 19.5° and 35.3° between the slip planes
and the ED, respectively. More specific, the initial defor-
mation stage mainly proceeds on the (111)[011] and
(111)[101] pair of CP slip systems together with the
(T11)[110] and (111)[110] pair of CD slip systems. The
simulations also predict that dislocation slip leads to a
~8° lattice rotation about TD from the initial Copper com-
ponent towards the D component, and twinning trans-
forms the matrix orientations from D and Copper into
the DT and Copper® orientations. This result is in accor-
dance with the experiments [8,19]. With increasing strain,
the Slip + TwinSlip + Twin model shows that the crystal
still deforms by dislocation slip on the above-mentioned
CP and CD systems and by twinning. However, the
Slip + Twin + SB model predicts that as strain reaches
~0.07, dislocation slip on both, the CP and the CD slip sys-
tem pairs sharply drops and shear banding starts to prevail.
At a strain above ~0.3, the shear rate on the shear band
systems decreases with deformation, while the above-men-
tioned CP systems and a second pair of CP systems
((TT1)[011] and (111)[101]) become more active. The
new slip systems are found to operate in the strain localized
area, implying an increase of the Schmid factor on the
reoriented (111) plane. With the texture transition inside
the area towards the Goss and Goss' components, the
CP systems contribute even more shear. Inside the shear
bands the orientations D (of the primary matrix) and DT
(of the twin) must undergo a ~8° rotation around the
(110) axis to reach the Goss and Goss' orientations,
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Fig. 14. Schematic presentation of the successive stages of plane strain compression for a sample with an aspect ratio of 0.5 and boundary conditions “Tie
Right”: (a) strain localization induced by dislocation activity on the CP and CD slip system pairs, (b) dislocation accumulation at the hard bounding edges
leading to an activation of the new CP system pair between the edges and to a “potential” shear band, (c) activation of the shear band systems together
with dislocation slip along shear band plane leading to local lattice rotation. (d) Schematic of lattice rotation induced by shear banding on a pair of (¢,-€;)-
shear band planes. The rotation axis is parallel to the shear band planes. CP: co-planar, CD: co-directional, ED: elongation direction, ND: normal

direction, TD: transverse direction, SB: shear band.

respectively. This rotation is suggested to occur when the
(111)[011] and (111)[101] slip systems are equally acti-
vated, following which shear banding would be facilitated
by crystallographic slip on the resultant system
(111)[112] [19]. However, the operation of the (111) CP
systems is not sufficient to shift the textures towards Goss
and Goss', according to our Slip+ Twin simulation
(Fig. 6). In the case of the Slip + Twin + SB simulation,
the non-crystallographic shear contribution in addition to
dislocation and twining shear is considered. The principal
stresses that matter for the constitutive shear band law
are derived by principal axis transformation from the sec-
ond Piola—Krichoff stress tensor. By ordering these princi-
pal stresses according to |oy| = |0y = |o3] with oy <0,
0> <0, 03 = 0 (cf. Eq. (10)), the shear stress in the plane

constructed by the two orthonormal principal directions
¢; and &; (corresponding to the maximum compression
stress and the tensile stress) is known to mostly promote
shear banding. Then, in the strain localized area where
shear banding has been initiated, significant deformation
in the two (€,—€;)-shear band planes imposes an additional
rotation around the TD (||(1 10)) axis. As predicted by the
shear band model, this lattice rotation then leads to the
development of the Goss and Goss' components within
the shear bands. Consistent results are found in the
Brass-R-oriented single crystal, showing a significant tex-
ture transition from the initial and/or intermediate compo-
nents to the Goss and Goss' components. For the cube
crystal with an initial orientation scatter of 10° about the
ideal component, this shear-band-induced lattice rotation
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seems to disturb the dislocation-slip-related ED rotation,
which explains the smaller orientation splitting about the
ED axis compared to that obtained from the Slip + Twin
simulation (Fig. 7).

4.3. Influence of boundary conditions on the development of
shear bands (Groups 2, 3)

For the Copper-oriented single crystal, simulations with
different sample geometries predict different shear banding
patterns. From the distribution of the shear bands (Figs. 9
and 10), it is found that the low aspect ratio models predict
a more pronounced contribution by shear banding to the
overall shear compared to that in the high aspect ratio
models. On the other hand, the development of shear
bands is linked to the hard boundaries (i.e. the left and/
or right bounding edges perpendicular to ED), as predicted
by the simulations with same sample geometry but different
boundary conditions (Figs. 11 and 12). It should be men-
tioned that imposing hard boundary conditions on the
crystal edges introduces a similar effect as the presence of
twin boundaries, i.e. it provides barriers to dislocation
motion. Then, based on the shear banding scheme pro-
posed by Dorner et al. [9] for a bcc metal comprising
groups of microbands in the deformation microstructure,
a detailed analysis on how shear bands propagate across
a single crystal and cause local lattice rotation in the cur-
rent shear band simulations is suggested. Successive stages
of the shear banding process for a sample with an aspect
ratio of 0.5 and boundary conditions “Tie Right” are pre-
sented in Fig. 14a—d. At the initial stage, strain localization
occurs in region I due to extensive dislocation activity on
four slip systems, i.c. the CP and CD slip system pairs
(Fig. 14a). Since the Copper orientation rotates to the D
orientation at small strains, slip traces of the CP and CD
systems form an angle of 27.4° to ED. One should note that
in the low aspect ratio sample analyzed here, slip traces
could reach the left and right bounding edges, which is dif-
ferent from the case of high aspect ratio models. Then, the
localized strain induces dislocation accumulation at those
boundaries. This is indicated by jogs on the free edges of
a sample as predicted by the simulation using the same
sample geometry but “Relax Both” boundary conditions.
Because of the micro-mechanical interactions among the
slip systems, dislocation activity in region I becomes diffi-
cult and dislocation slip on the primary slip systems also
takes place in region II between the bounding edges (in
Fig. 14b). With further straining and the accompanying lat-
tice rotation in this region, another pair of CP systems on
the (111) plane is activated. Moreover, stress concentra-
tion on the bounding edges is caused by the blockage of
the edges to dislocation penetration. The stress field trig-
gers activation of the shear band systems in the adjacent
areas and leads to strain localization within region Il where
a shear band is formed potentially. At higher deformations,
the shear band systems are continuously activated along
the shear band planes, while slip on the {111}(110) sys-

tems is facilitated again along those planes. This process
induces local lattice re-orientation within the band
(Fig. 14c¢). In our simulations without shear banding, dislo-
cations on the primary slip systems pile up at the bounding
edges, which causes the strain localized region between the
edges to rotate clockwise. Therefore, both the slip and
Slip + Twin constitutive simulations show that the initial
orientation of Copper undergoes a negative rotation
around TD towards the D component. For the shear band
simulations in which dislocation blockage by the twin-
matrix lamellar structure has occurred (e.g. the model with
an aspect ratio of 0.5 and “Tie Right” boundary condi-
tions), the activation of the shear band systems enables a
lattice to be rotated anti-clockwise. More specifically, the
region with localization undergoes a positive rotation
around TD that is parallel to the most active shear band
planes (Fig. 14d). Region II then undergoes two rotations
and the net rotation is ultimately determined by the more
favorable deformation systems. This explains why the
non-crystallographic shear banding mechanism incorpo-
rated in the simulations leads to a positive lattice rotation
about TD from the Copper component to the Goss compo-
nent. The presented simulations also show that shear bands
are inclined at 30-45° to ED. All these results are in accor-
dance with the experimental observation that the crystallo-
graphic rotation inside the bands renders the (111) planes
parallel to the shear plane [14,40]. This position then facil-
itates further strain accommodation by homogeneous slip
along the shear plane. Consequently, the area outside the
shear bands is gradually incorporated into the bands with
further straining. This feature has also been extensively
reported in the development of shear bands by experiments
[14,20,40] and appears as band thickening in our simula-
tions (compare Fig. 12 to Fig. 11). According to the current
modeling on the Copper-oriented single crystal, shear
banding starts to dominate over dislocation slip and twin-
ning at a thickness reduction of 14% (0.15 strain). This
means that in a microstructure with well-developed shear
bands (above 0.3 strain), overall strain accommodation
and compatibility at the bulk crystal or sample scale could
actually be promoted by lattice reorientation and highly
localized strain within shear bands. At higher deforma-
tions, a second family of shear bands (SB,) arranged
roughly symmetrically to the first one (SB;) could be pre-
dicted with decreasing band inclination angle (Fig. 12).
Then, the lattice rotation within the intersection zones of
the two families of shear bands (the characteristic kinks
of the first family), together with the subsequent shear
along both families, accommodates the strain of the overall
sample. As confirmed by experiments [13], the thickness of
a band and its inclination with respect to ED determine the
deformation contribution due to shear banding. The simu-
lation results presented above explain mesoscopic structure
development in the Copper-oriented crystal when shear
bands propagate across the sample, which also agrees with
observations of compressed Copper at 77 K [8,19] and sil-
ver [14] with Copper orientation.
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5. Conclusions

We have presented crystal plasticity finite element simu-
lations of the structure and texture developments in plane
strain compressed o-Brass single crystal samples with dif-
ferent characteristic initial orientations. By performing
simulations incorporating different deformation mecha-
nisms for each sample, especially for Copper-oriented crys-
tals which are extensively studied in experiments in the
literature, comparisons of simulated and experimental phe-
nomena related to shear banding are evaluated. Simula-
tions are then performed on Copper orientation with
varying sample geometry and boundary conditions in order
to reveal the underlying micromechanics of shear band
deformation and its dependence on loading constraints.
The main results are as follows:

e Initiation of shear banding depends on the initial ori-
entation of crystals and their respective mechanical
properties. For the studied single crystals, the ten-
dency to form shear bands increases in the order:
Goss, cube, Brass-R, Copper.

e Shear banding leads to inhomogeneous texture distri-
bution in Copper and Brass-R-oriented crystals. For
an initially Copper-oriented crystal, at small reduc-
tions, the shear band simulation shows that textures
in the bulk matrix include Copper, Copper’, D and
D' components. Similar textures are developed in
the shear band area except for a disappearance of
the initial orientation. At 37% deformation, a signifi-
cant increase in the Goss and Goss' components is
predicted inside the shear bands, while textures in
the bulk crystal matrix remain stable. The simulated
local texture evolution captures the major aspects of
the experimental characterization for a Copper single
crystal sample deformed at 77 K.

e Different shear banding behaviors are predicted for
the Copper-oriented crystal with same boundary con-
ditions (“Tie Right”) but different sample geometry.
As the ratio of thickness to length is decreased, more
pronounced contribution by shear banding to the
overall shear is obtained. The simulated result is an
indication that shear banding initiation is determined
by the dislocation activity in actual microstructures.

e Shear band deformation is closely related to the stress
state in a material. For the Copper-oriented crystal
with an aspect ratio of 0.5, under a plane strain state
with free edges perpendicular to ED, activation of the
shear band systems is associated with curvature of the
free boundaries. If the edges perpendicular to ED are
constrained to maintain straight during deformation,
shear bands are localized between the left and right
bounding edges and form an angle of 30-45° to ED.
The boundary conditions applied in the latter case
grossly mimic microstructural effects in a deformed
crystal consisting of twin-matrix lamellae. Therefore,
the predicted configuration of shear bands (e.g.

decreasing inclination angle and thickening of the
bands with deformation, kinks of the first family of
bands when intersecting the second family) well cap-
tures the experimental observations in low SFE fcc
crystals with the same initial orientation.
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