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Abstract

We present crystal plasticity finite element simulations of the texture evolution in a-brass polycrystals under plane strain compression.
The novelty is a non-crystallographic shear band mechanism [Anand L, Su C. J Mech Phys Solids 2005;53:1362] that is incorporated into
the constitutive model in addition to dislocation and twinning. Non-crystallographic deformation associated with shear banding leads to
weaker copper and S texture components and to a stronger brass texture compared to simulations enabling slip and twinning only. The
lattice rotation rates are reduced when shear banding occurs. This effect leads to a weaker copper component. Also, the initiation of shear
banding promotes brass-type components. In summary the occurrence of non-crystallographic deformation through shear bands shifts
face-centered-cubic deformation textures from the copper type to the brass type.
© 2011 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Polycrystalline face-centered-cubic (fcc) metals usually
deform via dislocations, twins, and shear bands. This leads
to pronounced plastic anisotropy at the grain scale and to
preferred grain orientation distributions, i.e. crystallo-
graphic textures. Rolling textures of fcc metals range
between two types, i.e. the brass-type texture and the
copper-type texture [1-4]. The stacking fault energy
(SFE) plays an important role for the prevailing mecha-
nisms of plastic deformation and the resultant textures
[4,5]. For aluminum and other fcc materials with high
SFE, dislocation glide is the main mechanism during cold
rolling and the {112}(111) (copper) and {123}(634) (S)
texture components (copper-type textures) are developed
[1-5]. In contrast, in Cu—30 wt.% Zn (a-brass) and related
metals and alloys with low SFE, mechanical twinning
and shear banding occur together with dislocation glide
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as main deformation carriers, particularly at large plastic
deformations. The resulting rolling textures are character-
ized by the {011}(211) (brass) and {011}(100) (Goss)
components (brass-type texture). Investigations on defor-
mation structures and textures of low SFE materials can
be traced back to the early work by Wassermann [3] and
during the past 60 years numerous further studies have
appeared. In Cu—Zn alloys [1,2,5], austenitic stainless steels
[6,7], silver [8,9], and Cu-Al alloys [9,10] fine twins were
observed at low strains when subjected to plane strain com-
pression or cold rolling. It is also suggested that dense twin
boundaries inhibit homogeneous dislocation glide, which
can lead to instabilities. Hence, at large deformations shear
bands cover large volume fractions and play a major role in
accommodating the imposed deformation in fcc metals and
alloys with low SFE [1,2,6,8-10]. Local orientation
measurements using transmission electron microscopy
(TEM) suggest that shear bands that cut through profuse
twins have a decisive effect on the texture change from
the copper to the brass type [8,11]. Recent investigations
reveal that shear bands in the form of narrow band-like
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regions of concentrated non-crystallographic plastic flow
with nano-sized internal structure expand into the abutting
twin/matrix structure [12,13]. These studies suggest that
shear banding induced texture evolution in fcc alloys might
be profoundly different from crystal rotations that origi-
nate from dislocation and twinning shear alone.

In the past decades, attention was placed on the quanti-
tative prediction of crystalline anisotropy and the resulting
texture evolution of fcc metals [14-28]. Among the various
simulation approaches, the crystal plasticity finite element
(CPFE) models have gained momentum in capturing
crystalline anisotropy, in-grain and inter-grain microme-
chanical response, and texture evolution [14-17,19-21,
23-26,28,29]. Other successful approaches to texture evolu-
tion include advanced grain-interaction models [30-32] and
self-consistent methods [33,34]. Recently, highly efficient
Fast Fourier solvers have gained relevance in this field
[35,36]. The different models have been applied successfully
to the quantitative prediction of aluminum textures by cor-
respondingly adjusting constitutive parameters [25,30,37].
In contrast, for alloys with low SFE, models that accu-
rately predict textures and anisotropy remain a challenge.
Specifically, the quantitative consideration of the effect of
non-crystallographic deformation associated with shear
bands that were experimentally observed to contribute to
the texture transition from the copper to the brass type,
was not yet achieved. So far only a few studies have
addressed the simulation of deformation textures of low
SFE fcc metals incorporating shear band theory. By super-
posing a shear strain on the material within shear bands,
Gil Sevillano et al. [38] focused on the influence of macro-
scale shear bands on deformation textures. They reported
that with this treatment shear bands did not show a signif-
icant effect on the development of the brass-type texture.
On the other hand, Kalidindi [23] conducted simulations
by introducing a specified shear component stemming from
shear bands into the velocity gradient tensor for grains
whose twin volume fraction reaches a critical value. He
observed that the mechanism of shear banding contributed
to the copper-to-brass texture transition. These studies
suggest that if non-crystallographic deformation is
introduced into micromechanical models, a quantitative
prediction of brass-type textures could be achieved.

Therefore, in this work a shear band model is used to
simulate texture evolution of o-brass under plane strain
compression. Since shear bands induce non-crystallo-
graphic deformation we adopt the model of Anand et al.
[39] that was originally designed for amorphous materials.
Based on an existing CPFE constitutive model that incor-
porates dislocation and twinning shear [20,21,28,40], the
new approach assumes additionally that shear banding
occurs via six specific shear band systems. The potential
systems, defined relative to the principal directions of the
second Piola—Kirchoff stress (conjugated to the elastic
Green—Lagrange strain), are activated when a critical stress
for shear band formation is reached at a material point
[39]. The plastic velocity gradient is then modified by the

contribution due to shear banding in addition to that pro-
vided by crystallographic shear (from dislocations and
twins). Our simulations show that with increasing deforma-
tion the occurrence of non-crystallographic shear banding
weakens the copper and S texture components relative to
the strengthened brass component. Besides this effect on
texture evolution the simulation results also provide funda-
mental insight into the micromechanics of deformation tex-
ture evolution in low SFE fcc materials. Also it helps us to
better understand the constitutive parameters that promote
shear banding. These insights are important for the design
and application of engineering materials that contain fcc
metallic phases with low SFE [41].

2. Experiments
2.1. Material and experimental procedures

The studied material is a-brass (Cu—30 wt.% Zn), which
is a low SFE fcc alloy. The material was cross-rolled to a
total engineering thickness reduction of 30% and annealed
at 260 °C for 1.5 h to provide an equiaxed microstructure
with an average grain size of ~30 um [2]. This was
the starting material in the current study. Subsequently,
the alloy was symmetrically rolled at room temperature
to different thickness reductions of 20%, 40%, 80%, and
90%. Textures were measured in the center (mid-thickness)
layer. The {111}, {200}, and {220} pole figures were
obtained using X-ray diffraction (XRD) with CuKa radi-
ation in reflection geometry. Crystallographic orientation
distribution functions (ODFs) were determined from the
pole figures by using the Labo-Tex texture analysis
software [42]. The notation of {hk/}{uvw) was used for
characterizing the texture type with {hkl}|ND
and (uvw) || RD, where RD is the rolling direction, TD
the transverse direction, and ND the normal direction of
the sheet.

2.2. Rolling textures measured by XRD

The ODF sections (¢, = 0°, 45° and 65° in Euler space)
of the initial specimen for a-brass are displayed in Fig. 1a,
indicating that the initial texture in the annealed material is
practically random. The same ODF sections of the cold-
rolled materials at different reductions are also shown.
The ideal orientations of the main texture components
are presented in Fig. 1b. Below 40% reduction, several
texture components, including brass, Goss, copper, S,
and {124}(211) (R) are formed. These components are
typically found in rolled fcc metals [1-6]. At 80% reduction,
the rolling textures consist of the pronounced brass and
{111} fiber components as well as of the R and S compo-
nents. The brass component dominates over the other ori-
entations. After 90% reduction, a very sharp brass
component appears, which is typical of fcc metals with
low SFE at large strains [1-4]. Weak R and S components
are also found. In addition to the Euler space sections, we



N. Jia et al. | Acta Materialia 60 (2012) 1099-1115 1101

>
Wm’ﬁoﬂ%}i
P I ;7 ¢
3‘0@@ = §o<:> ﬁ o |

Thickness reduction: 0%, Maximum intensity: 1.8

=
.‘_,O
o/

L

\@)

-

Thickness reduction: 20%, Maximum intensity: 4.2

o

I 4
@

Thickness reduction: 40%, Maximum intensity: 5.1

/-—'—1.0

5

Thickness reduction: 80%, Maximum intensity: 5.9

o

=

Thickness reduction: 90%, Maximum intensity: 11.4

¢1

3 * -{001}<110>
{001}
<100> ‘?-21111%;; {112)<111> | {124} 044123}
(DA{OI*]} {p';m} v-{111} A1111211> 211> 2634
v
<211> <111> <110> /{552}<115>
= {011}<100>
»2>=0° p2=45° =

Fig. 1. (a) ODF sections determined via X-ray diffraction at constant
angles ¢, (0°, 45° and 65°) showing texture evolution of cold rolled a-brass
at different thickness reductions (0%, 20%, 40%, 80%, and 90% as marked
beneath the corresponding figures). (b) Schematic sketch showing the ideal
positions of the main texture components.

also apply texture fiber diagrams [43] and sections in
Rodrigues space [44] for the quantitative comparison of
textures obtained from experiments and simulations.

3. Simulation procedures
3.1. Constitutive formulations

In this work, a CPFE model is developed to simulate the
texture evolution in a-brass. The novelty of the approach
consists in using a constitutive model that incorporates
shear banding in conjunction with dislocation slip and
mechanical twinning. For the latter two concepts we refer
to the work of Roters, Eisenlohr and co-workers
[28,40,45], and for non-crystallographic shear bands to
the model of Anand et al. [39].

3.1.1. Kinematics

We use the finite strain kinematic framework in which
the deformation gradient, F, is multiplicatively decom-
posed into the plastic, FP and “elastic”, F°, deformation
gradients according to:

F = F°F (1)

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

FP = LPFP (2)

The evolution of the crystal orientation with strain then
follows from the polar decomposition F* = R°U° as T = R®.
It is assumed that any twinned part of the matrix maintains
a perfect (twin) orientation relationship, such that its orien-
tation follows [46]:

]
ITtwm - Q'BT (3 )
where Qf =2n/, ®@nf, —ILn/, is the twin plane unit

normal of the twin system f, and I is the identity tensor.

Inspired by Kalidindi [23], the plastic velocity gradient,
LP, has contributions from 12 {111}(110) dislocation slip
systems, 12 {111}(112) twinning systems, and an extra six
“virtual” shear band systems:

12
LP = Zy m ® n + Z Vﬁmtwm ® ntwm + Z’ylm/b ® n

a=1 p=1 7=1
(4)

The vectors m and n denote the directions and plane
normals of the deformation systems on which shear occurs
at a rate of . By omitting the volume fraction of the non-
twinned crystal portions in the contribution of dislocation
slip in Eq. (4) (in contrast to Ref. [23]), we (i) assume that
twins can be sheared by dislocation slip in a compatible
manner to the surrounding matrix, and (ii) ignore any
potentially different evolution of slip resistance within
them.

3.1.2. Dislocation slip and mechanical twinning

The microstructure is parameterized in terms of unipo-
lar and dipolar dislocation densities, psg and pgip, and twin
volume fractions f. Following the work of Blum and
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Eisenlohr [45] the evolution of dislocation densities is
related to dislocation multiplication, dipole formation as
well as dislocation annihilation. The flow rule describes
thermally activated dislocation motion through forest dis-
locations. The shear rate of the slip system « is:

o AN
r=ogemew | (-2 (1)) a9

where t* is the current resolved shear stress; * is the slip
resistance governed by the dislocation population; b is
the length of the Burgers vector; vy is the dislocation veloc-
ity of the slip system when subjected to a stress equal to the
slip resistance 1*; Qy is the activation energy for dislocation
slip; kg and T denote the Boltzmann constant and temper-
ature, respectively; p and ¢ are numerical parameters to ad-
just the obstacle profile [40]. The slip resistance 7* depends
on the local dislocation densities as:

Nslip

1/2
%1 = Tsolute + Gb (Z é‘W’ (p:;l + pé;p)) (6)
o' =1

with 741t @ constant resistance from solid solution, G the
shear modulus, 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 [47].

The evolution of the volume fractions /* for twin sys-
tems is based on the twin nucleation scheme proposed by
Mahajan et al. [48]. It is assumed that the critical twin
nucleation event is the correlated bow-out of three partial
dislocations between pinning points separated by L,. Then,
the critical stress for twin formation is calculated as
A Vst

3(;blwin

win = — 7
o 3btwin LO ( )
where by;n 1s the Burgers vector of the moving partials and

e 18 the stacking fault energy of the material. Using this
critical stress the twin nucleation rate is expressed as

. . 2o\

Nﬂ _ NO exp |— twin (8)
b

where 7 is the resolved stress in the twin system, and N,

and r are fitting parameters. We assume that any twin

grows instantancously until it encounters an obstacle, such
as a grain or twin boundary. The volume of the new twin is

vk = gsﬂvﬁ ’ )

Here, s is a constant twin thickness, and 4” is the effective
distance between obstacles against twin growth:

11 & 1 10
_ﬁ o dgrain + /; éﬁﬂ/ dﬁ—/ ( )

twin

~

dgrain 1s the constant grain size, and diyi, evolves with twin
volume fractions as:

by = s(1=1)/1" (11)

with f the total volume fraction of twins. The twin—twin
interaction parameter gz is O for coplanar twin systems
p and " and 1 for non-coplanar systems. Then, the result-
ing shear rate for each twin system is calculated as

= (= V'V (12)

where yiwin 1S the characteristic twin shear. Details of the
dislocation and twinning models are described in Refs.
[45,40].

3.1.3. Shear banding

The additional incorporation of shear banding into the
constitutive model is motivated by the fact that these non-
crystallographic defects occur in low SFE alloys when fur-
ther slip of dislocations is inhibited by the presence of dense
twin boundaries as reported in Refs. [1,2,6,8-10]. The use of
shear band models in metallic materials was suggested by
Anand for amorphous [39] and nanocrystalline materials
[49]. In this model deformation occurs on specific non-crys-
tallographic shear banding systems. These are defined rela-
tive to the three (variable) principal directions of the second
Piola—Kirchoff stress T¢ (conjugated to the elastic Green—
Lagrange strain).! This is a major difference to other
approaches [50,51] that used additional fixed crystallo-
graphic systems ({111}(112)) to model shear banding.

The spectral decomposition of the Piola—Kirchoff stress
T® reads:

3
Te:ZGiéi®é[ (13)
i=1

where ¢; are the principal stresses and e; the orthonormal
principal directions of T¢. According to Anand’s approach,
shear banding in the current model does not proceed on
preferred crystallographic directions as dislocation slip or
twinning. Therefore, the plastic flow due to shear banding
is considered on six potential systems in the planes con-
structed by the three principal stress directions. In each
(e—€;)-plane, the two potential shear band systems are
specified by a direction m, and a plane normal n:

m') = cos(n/4)e; + sin(n/4)é,,

n'") = sin(n/4)é, — cos(n/4)¢;

m® = cos(n/4)¢; — sin(n/4)é,,

n? = sin(n/4)¢; + cos(n/4)¢; (14)

where the indices i and j range from 1 to 3 with i # j. The
superscripts on m and n denote the identifier of each
system.

In order to be able to formulate a kinetic equation
for shear band formation similar to crystallographic slip

! The non-crystallographic shear band systems in Refs. [39,49] are
actually defined with respect to the Mandel stress M®= C°T¢, where
C° = F*'F* (F° is the elastic deformation gradient). In single crystals with
anisotropic elasticity, M® is not symmetric. However, if one makes the
approximation C°=1I (I is the identity tensor), then the Mandel stress is
approximately symmetric and it yields M® = T¢.
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(Eq. (5)), we adopt the proposition of Ref. [49] because a
strain softening criterion, which is also discussed for low
SFE fcc alloys [12,13], is difficult to implement in the cur-
rent framework. Thus, the governing condition for the
“nucleation” of shear bands is shifted from a diminishing
strain hardening to the attainment of a critical resolved
stress, 1.e. a resistance to shear banding. The shear rate j*
for the shear band system y is formulated in analogy to that
for dislocation slip systems:

= sexp | (20 (1- 1)) |stencer (15)

where j§ is a reference shear rate, * is the resolved stress on
system y, and 7y, is the constant threshold stress for shear
banding.

3.1.4. FEM implementation

Based on the constitutive laws outlined above, CPFE
texture simulations are carried out using the finite element
solver MSC.Marc2010 together with a user defined mate-
rial subroutine. The FE mesh includes 250 eight-noded,
isoparametric, three-dimensional brick elements. By
assigning four grains (with different orientations) to each
of the eight integration points in each element, the total
number of initial orientations representing the random
texture of the as-received material is 250 x 8§ x 4 = 8000.
The four grains placed at each integration point are
homogenized by a Taylor-type [52] local homogenization.
For predicting rolling textures, plane strain compression
with a strain rate of 107*s! is simulated to approximate
the rolling process and periodic boundary conditions are
adopted.

3.2. Material parameters

The constitutive parameters are determined by fitting
the macroscopic stress—strain (¢—¢) and the strain-harden-
ing (do/de—o) curves obtained from uniaxial compression
tests of a-brass [53]. Fig. 2 shows the measured stress—
strain curve and the strain-hardening response, which is
more indicative of specific deformation mechanisms
occurring at different stages of deformation. Below
~150 MPa the decrease of the strain-hardening rate indi-
cates that dislocation slip is the main mechanism. At a
stress level above ~150 MPa, the increasing strain-harden-
ing is related to mechanical twinning. Above ~300 MPa
the strain-hardening rate starts to drop again, indicating
the saturation of the twin volume fraction. We first fitted
those parameters in the model that are related to disloca-
tion slip (Tsorutes Osp, Qo, P, and ¢) using the deformation
stage below 150 MPa. To fit the remaining parameters
and fine-tune the dislocation slip-related parameters, the
stress regime between 150 MPa and 300 MPa is addition-
ally employed. With this two-stage procedure we could well
reproduce both experimental curves at the various stages
of deformation (Fig. 2). The optimized constitutive
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Fig. 2. (a) Stress—strain relation and (b) strain-hardening response of o-
brass in uniaxial compression. The experimental data set is obtained from
Ref. [53]. (c) Predicted evolution of twin volume fraction with increasing
true strain.

parameters are listed in Table 1. The simulated twin
volume fraction as a function of strain is presented in
Fig. 2c, showing that ~11 vol.% of the material is twinned
at a strain of 0.25. This agrees well with El-Danaf’s [54]
experimental observation on the same material with an
average grain size of 30 pm.
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Table 1

N. Jia et al. | Acta Materialia 60 (2012) 1099-1115

Constitutive material parameters of a-brass used for the crystal plasticity simulations of plane strain compression. Cyj, Cj> and Cy4 are the single crystal

elastic constants.

Ch Ci» Cys dgrain § b Psgl,0

147.0 GPa 111.0 GPa 72.0 GPa 30 um 0.1 pm 256 x 107%m 1.0 x 102 m™2
Pdip,0 vo Dy Trolute O%p o A

1.0m™2 1.0 x 1074 m-s™! 3.4 x 10 m?s~! 0.033 GPa 27 %1077 40x 1077 1.15

q* hlwin Vst L?) Né r )’6

1.0 147 x 1071%m 0.015Jm™2 520 x b 5.0 x 107! 2.0 1.0x 10™*ms™!

Regarding the thermal activated annihilation of dislocations, the following parameters are used: pg 0 and pgip,o are the initial dislocation density and
dipole density, respectively; vy is the initial glide velocity; Dy is the bulk diffusion coefficient; and Qsp is the activation energy for dislocation climb. The

asterisk () indicates fitting parameters.

4. Simulation of rolling textures

Textures of fcc metals can be described in terms of three
characteristic fibers, namely, the o, B, and t fibers [1].
Fig. 3a—c shows the measured and the simulated orienta-
tion densities along these fibers. The texture measurements
by Hirsch et al. [1] on Cu-30 wt.% Zn are also presented
for comparison. The simulated textures are obtained from
three models incorporating different specific deformation
mechanisms: (i) dislocation slip only, denoted hereafter as
“Slip” model; (ii) dislocation slip and mechanical twinning,
referred to as “Slip + Twin” model; (iii) dislocation slip,
twinning and shear banding, denoted as “Slip + Twin +
SB” model. At low strains, i.e. 20% thickness reduction,
the Goss, brass, and copper texture components are repro-
duced by all three model variants. However, after 40%
reduction, differences among the three model predictions
appear. This can be seen in the  and t fibers in terms of
the copper component (Fig. 3b and c): a significant
increase of the copper and S components (copper-type
textures) is predicted by the slip and Slip + Twin models.
At higher strains, in both simulations an additional
increase of the {111}(211) component (brass-R) is iden-
tified. This agrees with the experimental ODFs, which
reveal that some {111} fiber components are formed after
a deformation of 40%. Moreover, the copper component
further develops and very sharp copper-type textures
appear at 80% and 90% reductions. A smaller increase
of the copper component is predicted by the Slip + Twin
model. Nevertheless, both simulations (slip and Slip + T-
win) deviate from the experimental results that exhibit a
stronger brass component compared to the copper com-
ponent at large reductions. The discrepancy between the
two experimental data sets (our own measurements and
the literature data of Hirsch et al. [1]) is ascribed to the
different starting microstructures and textures. By show-
ing the spread in the available experimental data, we
aim at emphasizing that it is not adequate to compare
predictions to one data set only, owing to the scatter
inherent to experiments in terms of microstructure, tex-
ture, and processing conditions.

The experimental textures at large reductions (above
80%) are apparently not of copper-type as would be

expected from homogeneous dislocation shear deforma-
tion. We hence suggest that shear bands might be respon-
sible for the texture evolution in low SFE fcc materials.
Using the newly developed Slip + Twin + SB model in
conjunction with a critical stress to initiate shear banding
() of 0.3 GPa, stronger brass-type textures are predicted
compared to the simulations without shear banding, as can
be seen from the o fiber at 60% reduction. Also, we observe
that both the copper and the brass-R components are less
pronounced when compared to the predictions obtained by
the slip and the Slip + Twin models. When using an activa-
tion stress of 7y, = 0.18 GPa for shear banding, the brass
component is continuously strengthened with increasing
deformation up to a strain of 90%. The Goss component
does not show a significant increase as was predicted by
the Slip + Twin + SB model when using 0.3 GPa activation
stress. Comparison of the two shear band simulations with
different threshold stresses reveals that an easier activation
of shear banding (7y, = 0.18 GPa) leads to a more pro-
nounced suppression of the development of the copper
and S components. Still, there is a discrepancy between
the prediction and the measurements. That is, for the o
fiber at a reduction of 60%, the predicted texture compo-
nent with the maximum intensity is located at ¢; = 34.9°,
which is ~5° above the one observed in experiments. With
continued deformation, this discrepancy increases and
reaches 7° deviation at 80% reduction. With increasing
strain a shift of the peak position also occurs in the mea-
sured orientation distributions on the o fiber [1]. According
to the literature data, during rolling from 60% to 80% the
peak position on the o fiber is shifted by 3°; with continued
deformation, a further increase of 4° is observed from 80%
reduction up to 99% [1].

It should be mentioned that the insufficient prediction of
the exact orientation density of the brass component via
crystal plasticity models is a long-standing problem also
for medium and high SFE fcc metals that do not deform
via twinning and shear banding [55]. The Slip + Twin + SB
model presented here quantitatively captures the evolution
of the brass-type textures in o-brass, although the copper
component is not weakened as much as observed in exper-
iments. This means that for low SFE metals at large
strains, the non-crystallographic shear banding mechanism
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Fig. 3. Texture evolution of cold rolled a-brass at different thickness reductions in fiber representation. (a) o fiber with constant Euler angles @ = 45° and
@, =0°, (b) B fiber with local maximum texture intensity along a skeleton line (with variable coordinates), and (c) t fiber with constant Euler angles
@1 =0°and @, =45°. 1, is the threshold stress for shear band initiation. The simulated textures are obtained from three models incorporating different
deformation mechanisms: (i) dislocation slip only, denoted as slip model; (ii) dislocation slip and mechanical twinning, denoted as slip + twin model; (iii)
dislocation slipping, twinning and shear banding, denoted as slip + twin + SB model.

might be the reason for not only suppressing the copper-
type texture but also for strengthening the brass-type tex-
ture. Hence, by introducing shear banding into constitutive
CPFE models, we expect to yield texture predictions for fcc

alloys that have a better agreement to experiments and bet-
ter reflect the real microstructure evolution of heavily
strained metals in terms of accounting for non-crystallo-
graphic shear contributions.
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5. Discussion
5.1. Effects of shear banding on texture evolution

The shear rates on the competing deformation systems
(dislocation slip, twinning, shear banding) obtained from
the different simulations are plotted as a function of the
strain in compression direction in Fig. 4. The shear rates

(continued)

are given as summations over the absolute values on the
different systems for each type of deformation mechanism.
Consequently, in the simulation incorporating dislocation
slip only (Fig. 4a), the shear rate on the slip systems
remains on a constant level during plastic straining. For
the simulation considering dislocations and twins
(Fig. 4b), an increase in the twinning shear rate is predicted
at the initial stage of deformation, and the maximum
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occurs at a strain of 0.1. With further deformation, the shear
rate of the dislocations increases, indicating that the material
is deformed both by dislocation slip and by twinning.
Besides these differences in the shear rates, the Slip model
and the Slip + Twin model predict similar textures. How-
ever, a smaller increase of both the copper and brass compo-
nents is predicted by the Slip + Twin model at a reduction of

40% (strain ¢ = 0.51). This indicates that mechanical twin-
ning (Fig. 5) provides only a small contribution to the texture
transition from copper to brass type.

For the Slip+ Twin + SB simulation with 0.30 GPa
threshold stress for shear banding (Fig. 4c), at the initial
stage of deformation dislocations and twins provide
similar shear contributions as in the models without shear
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initiation.

banding. At a strain of 0.15, the shear rate from dislocation
slip drops and the shear rate contributed by shear bands
increases. This means that shear banding increasingly car-
ries the deformation. At 0.9 strain, the shear rate on the
shear band systems is higher than that provided by both
dislocations and twins. The predicted evolution of the
shear rates matches experimental observations in cold-
rolled o-brass [1,2,12]: These works show that shear band-

ing starts to dominate over the other deformation mecha-
nisms at a reduction of 60% (0.92 strain). The evolution
of shear rates obtained by a simulation without twinning
(Slip + SB model) is presented in Fig. 4d. Compared to
the Slip + Twin + SB simulation, the Slip + SB model
shows that after a strain of 0.15 the contribution of shear
bands is less pronounced, and that shear banding domi-
nates at a later stage at a strain of 0.95. This result reveals
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that the development of shear bands is facilitated by shear
strain accumulation in twinned structures [8,11,13]. The
texture predictions of the Slip + Twin + SB model reveal
that shear banding contributes to the suppression of cop-
per-type textures as well as to the promotion of brass-type
textures. Consequently, we expect a dependence of this
phenomenon on the critical stress for shear band activa-
tion. For a threshold stress of 0.18 GPa, a sharp decrease
in the shear rate contribution from dislocations is pre-
dicted at an early stage of deformation (below 0.1 strain),
as shown in Fig. 4e. According to this simulation, the
shear rates on dislocation slip systems and twin systems
are lower than predicted by the other model variants. This
is attributed to the fact that deformation proceeds mainly
via shear banding rather than via dislocation slip and
twinning. It is also worth noting that at a strain of 0.4,
when shear banding starts to dominate, the copper-type
textures are much weaker than in the other simulations.
However, the contribution of shear banding to the devel-
opment of brass-type textures is only observed after a
thickness reduction of 60% (0.92 strain), as shown by
the B fibers in Fig. 3b. For instance, at 60% reduction,
the Slip + Twin model predicts orientation densities of
17 and 4.7 for the copper and brass components, respec-
tively. The Slip + Twin + SB model (%y, = 0.18 GPa) pre-
dicts an intensity of 7.9 for the copper component. For
the brass component, a minor contribution of shear band-
ing is substantiated from the slightly increased intensity of
5.8. At higher strain levels, the suppression of the copper
component and the strengthening of the brass component
become more evident. At 80% reduction (¢ =1.61), the
Slip + Twin + SB model predicts orientation densities of
9.2 and 8.9 for the copper and brass components, respec-
tively. According to the Slip + Twin simulation, intensi-
ties of 26 for the copper and 4.9 for the brass
components are predicted, respectively.

5.2. Shear band system analysis

Using the simulation with the threshold stress for shear
banding of 0.18 GPa as an example, the different shear
band systems are examined. The principal stresses that
matter for the constitutive shear band law are derived by
principal axis transformation from the second Piola—Kirc-
hoff stress tensor. We order these principal stresses accord-
ing to |01| = IO'2| = |03| with 01 < 0, 0y < 0, g3 = 0 (Cf Eq
(13)). The shear stress in the plane constructed by the two
orthonormal principal directions €, and €; (corresponding
to the maximum compression stress and the tensile stress)
mainly promotes shear banding. To show this more clearly,
the shear rates of grain groups with different initial orienta-
tions within 10° of their respective ideal orientations (cop-
per, cube, Goss, brass-R, and brass) in the 60% deformed
material are examined in Fig. 6. At and above that strain
level, the effect of shear banding on texture evolution
becomes significant. The examined orientation components
are frequently observed in fcc metals. We hence extracted
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the specific shear rates in these orientations from the initial
8000 orientations. For all those five texture components,
represented by clusters of similarly oriented grains, the
deformation in the (&,—€;)-shear band plane is more signif-
icant compared to those in the other planes. In addition,
the initially Goss orientated grains exhibit relatively low
shear rates, indicating that this texture component is
advantageous for preventing shear band development. This
result is consistent with an investigation on the effects of
different texture components on the formability of alumi-
num alloys [56].

Besides these orientation-dependent effects of shear
banding, it is of interest to note that shear bands contribute

to high shear rates under plane strain constraints, but due
to the symmetric distribution of the shear about the princi-
pal stress directions they may contribute only little to the
rotation rates. Fig. 7 shows the evolution of the misorien-
tation angles for initially differently orientated grains dur-
ing deformation as obtained from the Slip + Twin and
Slip + Twin + SB models. The Slip + Twin simulation
shows that rotation rates of the cube and the brass-R ori-
entated grains are much higher than those of the other
grains. Comparison of the two simulations reveals that
shear banding leads to smaller rotation rates for all grain
groups except for the brass component. With continued
strain, the difference among the simulations increases,
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Fig 8. (continued)

suggesting that the shear bands decrease the rotation rates
of most orientations.

For better visualizing details of the texture evolution
under the effect of shear bands, the calculated ODFs of
the grains with different initial orientations at the thickness
reduction of 80% are represented in Rodrigues space
(Fig. 8a—e). This representation allows one to track texture
trends more effectively owing to symmetry effects. The fun-
damental region of the cubic symmetry group is a trun-
cated cube. For the current analysis ODF sections
perpendicular to the r3 axis of the fundamental region are
adequate. Under plane strain compression, the axes ry, 1,
and r; of Rodrigues space correspond to the sample axes
RD, TD, and ND, respectively. Some ideal texture compo-
nents in Rodrigues space are illustrated in Fig. 8g.

The shear band model predicts significant non-crystallo-
graphic deformations at moderate reductions for all grain

groups. Most orientations seem to be more stable against
reorientation compared to the case when shear banding is
not initiated. Comparing the predictions of the Slip + Twin
and Slip + Twin + SB models, the evolution of the differ-
ent orientations is discussed in the following. In the model
without shear banding, both the copper and S components
are significantly strengthened for grains with original cop-
per, cube, and brass-R orientation. For Goss and brass ori-
entated grains, this texture transition is not found. The
shear band model reveals that copper grains deviate from
their original orientation, accompanied by a minor devel-
opment of the brass-R component. For the original cube
component the texture evolution towards the copper com-
ponent is impeded. In addition, the transition from the
cube component towards the Goss component is evident.
For the brass-R grains, a texture transition towards the
Goss component is observed. For convenience one should
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Fig 8. (continued)

note that plane strain compression textures appear along
the ND || (110) fibers. For example, the o fiber can be
observed on the r; face (r;==+0.4142). For Goss grains
with relatively low shear banding, rotation rates are less
influenced. For the brass component, the evolution to the
S component is impeded. Moreover, with the use of the
shear band model the grain rotation about the r; axis is
observed. At 80% deformation the initial orientation on
the ODF sections at r; = £0.3179 moves to the sections
at r3 = +0.4142. This observation corresponds to the pre-
dicted o fiber textures in fiber representation showing a
shift of the peak position to higher ¢; angles. The rotation
of the brass grains is contributed by the relaxed shear in the
(e,—€3)-plane (Fig. 6).

For low SFE metals the lattice rotations inside shear
bands have been investigated in Refs. [6,8-11]. However,
the contribution of shear bands to the overall textures
remained unclear up to now. The current simulations show
that with the incorporation of non-crystallographic shear
banding into the constitutive model in addition to disloca-
tion and twinning shear, the brass-R, cube and Goss com-
ponents tend to evolve from their initial orientations
towards the brass-type texture. This is in general agreement
with the experimental observations in Refs. [8,9,11]. Com-
pared to the Slip + Twin model, the Slip + Twin + SB
model predicts a more stable copper component for the
grains initially orientated with this orientation. However,
significant suppression of texture evolution towards the
copper component is also predicted for the other grains
according to the shear band simulation. This leads to an
overall texture development that can indeed explain the
transition from the copper type to the brass type. The pre-
dicted ODFs of a-brass with an initially random texture are
shown in Fig. 8f. Using the shear band model, at low and
moderate reductions (£40%) a homogeneous development

of the B fiber connecting the copper, S, and brass compo-
nents is predicted. With continued strain, the ODF intensi-
ties along the o fiber that connects the Goss and brass
components on boundaries of the fundamental region (on
the r; face) also develop. At 80% reduction a stronger
development of brass orientation relative to Goss becomes
visible.

5.3. Stress—strain response in the context of shear banding

The equivalent true stress—equivalent true strain curves of
a-brass obtained from the different simulations are shown in
Fig. 9. The Slip + Twin model captures the measurement
best. The Slip model shows that the material becomes softer
when twinning is not involved. When introducing the non-
crystallographic shear banding mechanism, an apparent
softening effect on the stress—strain curve is predicted by
the Slip + SB and Slip + Twin + SB models. This effect is
consistent with shear band theory: As knowledge on how
shear banding quantitatively adjusts macroscopic mechani-
cal properties of fcc materials is lacking, in the current work
only the constitutive parameters describing dislocation slip
and twinning were fitted to give the optimum agreement with
the mechanical test. In addition, shear bands are assumed to
be softer than their original matrix (twin/matrix lamellar
structure) [57]. Concerning the hardening induced by inter-
actions among the shear band systems as proposed in this
work, however, no clear physical picture exists yet in the lit-
erature. Therefore, in the present model the threshold stress
to initiate shear banding is assumed constant, i.e. no addi-
tional strain-hardening is introduced that would be specific
for shear banding. On the other hand, when shear banding
contributes to the overall hardening, the prediction of the
mechanical behavior of fcc metals could be improved. This
may be achieved by introducing hardening effects associated
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In fact, the texture development in a-brass under plane
strain deformation is a very clear example for the effect
of shear bands and the corresponding microstructures on
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texture evolution. In this work, deformation textures of a-brass
are predicted by performing a series of simulations with differ-
ent constitutive models. One of the important findings is that
the incorporation of non-crystallographic shear banding
scheme in the CPFE model contributes to the texture transition
from the copper type to the brass type. However, the deficiency
in terms of quantitative predictions of the suppression of the
copper-type textures still exists. For even more accurately pre-
dicting deformation textures of fcc materials with low SFE, an
in-depth investigation that includes the dedicated micromech-
anisms as well as quantitative influences of grain-to-grain inter-
actions on the lattice rotation is still required. This is,
however, beyond the scope of the current paper.

6. Concluding remarks

A shear band model has been developed to simulate
deformation textures of low SFE fcc materials. The novelty
of the model is that a non-crystallographic shear band
mechanism is incorporated in addition to dislocation and
twinning shear. By performing finite element simulations
incorporating different deformation mechanisms, quantita-
tive comparisons of simulated and experimental textures
are evaluated. The main results are as follows:

e Using the models without shear banding (Slip model and
Slip + Twin model), the Goss, brass, and copper texture
components are predicted at small reductions. At 40%
deformation a significant increase in the copper and S com-
ponents is predicted, and very sharp copper-type textures
are obtained even at higher reductions. The elevation of twin
volume fraction gives a minor contribution to the texture
transition from the copper type to the brass type.

e Activation of shear banding leads to weaker copper and
S texture components with increasing deformation,
while the intensity of the brass component is increased.
The shear band model captures the major aspects of the
experimental textures at different stages of deformation.

e Compared to the simulations without shear banding, the
model considering shear bands (in addition to disloca-
tions and twins) predicts smaller lattice rotations for
grains of different initial orientation. This contributes
to the suppression particularly of the copper-type tex-
tures. Instead, more grains rotate towards brass-type
components. These factors explain the texture transition
from the copper type to the brass type.

e A discrepancy in the stress—strain behavior is found
between the shear band simulations and experiments,
primarily due to the lack of a hardening effect associated
with shear banding in the current model.
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