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Abstract

The rolling textures of b.c.c. transition metals are simulated using a Taylor-type model which takes into account grain
interactions and allows for the activation of dislocation slip on {110}, {112} and {123} glide planes. Whereas in the so-called
relaxed constraints Taylor models some strain constraints are dropped, in the grain interaction approach the degree of shear strain
relaxation depends on the resulting gain in deformation energy. The simulations are carried out within the range ¢=0% to
¢=90%. The predicted textures are in good accord with experiment.
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1. Introduction

In the last 15 years Taylor-type models [1-3] have
been successfully used for the simulation of crystallo-
graphic rolling textures of b.c.c. transition metals, such
as Fe and low-carbon steels [e.g. 4-6], V [5], Nb [5,7],
Mo [5,8], Ta [5,9] and related alloys, e.g. ferritic stain-
less steels [5,10]. This success can essentially be at-
tributed to two main achievements. First, by applying
the three-dimensional orientation distribution function
(ODF) [11] instead of two-dimensional centrosymmetric
pole figures, the studies became thorough enough to
account precisely for the characteristic features of the
experimentally detected and simulated cold rolling tex-
tures of the various b.c.c. metals and alloys [5]. Second,
the so-called full constraints Taylor model (FC model)
[1] was improved by incorporating local strain relax-
ation between neighboring grains, leading to the so-
called relaxed constraints Taylor-type models (RC
models) [e.g. 2,3].

Although the RC models presently in use reveal a
rather satisfying correspondence with the experimen-
tally detected rolling textures of b.c.c. metals, they do
not describe precisely all the features observed. Devia-
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tions become particularly apparent if one allows for
complete strain relaxation at low strains. This short-
coming reflects a physical disadvantage inherent to all
RC models, namely that strain relaxation is simply
incorporated by neglecting either the &5 (lath model) or
both the ¢; and &,; (pancake model) shear components
of the externally imposed strain tensor. In the present
approach, however, which was introduced recently by
Schmitter, Wagner and Liicke [12,13], the strain relax-
ation is dependent on the corresponding gain in defor-
mation energy which results from the type and amount
of strain relaxed. This model is hereafter referred to as
the grain interaction approach.

In the present study the fulfillment of an externally
imposed strain state is achieved by crystallographic slip.
Deformation twinning is neglected [14]. Furthermore, it
is stipulated that the initial grains are equiaxed and that
the starting texture is random. For consideration of the
potentially involved types of slip systems, classical data
from single-crystal experiments were used as reference
[14-16]. According to these investigations the main
feature of plasticity in b.c.c. transition metals is the
occurrence of {110}, {112} and {123} slip planes, all
containing the  {111) Burgers vector. Although activa-
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tion of these slip systems is widely accepted for b.c.c.
single-crystal deformation, there remain four uncertain-
ties. First, it is conceded by some workers [14-16] that
even transmission electron microscopy (TEM) is not
always able to distinguish exactly between {123} and
combined or alternating {112} and {110} slip. Second,
results stemming from TEM investigations do not in
general provide statistically reliable information since a
very small volume element of the specimen is examined.
Third, the identification of a slip system in an unloaded
sample by TEM does not provide any information
about its quantitative contribution to plastic deforma-
tion. Fourth, the criterion for selecting active slip sys-
tems in polycrystalline aggregates is fundamentally
different from that which rules the plastic deformation
of single crystals [1-3].

Recent investigations tackling the modeling of rolling
textures of b.c.c. metals have thus been carried out,
considering {110} and {112} glide planes as well as
the pencil glide mechanism on the one hand and vari-
ous simulation methods on the other hand. In the
thorough study of Raphanel and van Houtte [6], FC
and RC Taylor type simulations were carried out ac-
counting for {110} and {112} slip planes. For the latter
type of slip system, asymmetric glide with respect to
the corresponding twinning direction was considered.
The authors concluded that although the introduction
of RC Taylor models led to a better description of
b.c.c. rolling textures when compared with the predic-
tions of the FC model, the relaxation which starts from
the beginning of plastic deformation should be ques-
tioned. In the investigation of Royer et al. [17] a
Taylor-type and a self-consistent model [18] were ap-
plied also making use of {110} and {112} slip planes. It
was concluded that the RC model gives good agree-
ment and the assumption of pencil glide a weak agree-
ment with experimental data. In the paper of Wagner et
al. [19] texture simulations were conducted using RC
[2,3,20,21], FC, Los Alamos plasticity code [22] and
viscoplastic self consistent (VPSC) [23] models consider-
ing {110} and {112} glide planes. The RC and the
VPSC models yielded very similar texture predictions
and activated numbers of slip systems (3.2 up to 4),
as well as a good correspondence with experimental
data. The VPSC simulation did not show significant
deviations if a hardening law was introduced. A short-
coming of this work is the comparison of the simula-
tions with electrical steels, which usually reveal an
increased contribution of slip on {110} glide planes
owing to their relatively high Si content [14,15] and are
therefore not representative of other b.c.c. transition
metals. Although some of the basic features of b.c.c.
rolling textures were essentially described by the
above quoted models, the interaction of grains and the
influence of {123}<111> glide systems was completely
neglected.

2. Simulation technique

For the simulation of crystallographic rolling tex-
tures mainly two types of Taylor model have been
employed in the past. In the FC model [1] the externally
imposed strain tensor is entirely transferred into each
grain where it has to be accommodated by crystallo-
graphic slip (and/or twinning). Following this concept
implies the avoidance of incompatibilitics between
neighboring grains. In the RC Taylor-type models some
of the shear components imposed need to be fulfilled,
i.e. they are relaxed [2,3,20,21]. This assumption allows
for local incompatibilitics between neighboring grains
and leads to a reduction in the number of employed slip
systems and hence to a lower deformation energy (Tay-
lor energy) compared with the FC model [1]. Based on
the experimental results showing that mutual interac-
tions of pancake shaped grains may be neglected, the
RC models are particularly pertinent for tackling tex-
ture evolution at large strains.

In a new Taylor-type approach of Schmitter and
co-workers [12,13] the shears are only partially relaxed
according to the gain in deformation energy which
depends on the grain orientation, The shear dependent
decrease in the Taylor cnergy is expressed by the so-
called shear capacity, which is defined as the maximum
slope of the plane combining the deformation energy
predicted by the FC model with that compared by the
RC model. The shear capacity is thus dependent on the
orientation of the grain and is a measure of the gain in
energy that is achieved when a certain shear component
is relaxed. By including this approach the original
Taylor model was modified in a way which renders it
more physically plausible and at the same time in better
agreement with experiment [12,13].

Following Wagner et al. [13] in the current approxi-
mation the shear capacities were calculated indepen-
dently for the three shear components of the strain
tensor. Each orientation dependent shear capacity was
normalized by the highest occurring value for the corre-
sponding shear component. As was shown elsewhere
[12,13] the grain interaction approach leads to a better
description of the rolling textures of f.c.c, metals com-
pared with the predictions of the current FC or RC
models. In the present study the grain interaction model
was employed for the first time for the simulation of
b.c.c. rolling textures. In accordance with single-crystal
experiments, {110}, {112} and {123} slip planes were
considered using identical critical resolved shear stresses
[14-16,24-26]. As a second-order plastic criterion the
approach of Renouard and Wintenberger was applied
[27]. The simulations were carried out by starting from
3744 randomly distributed single orientations. For
computing the ODFs each orientation was superim-
posed by a Gauss function, applying a scatter width of
8° in accordance with local orientation gradients ob-
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served in single Fe grains [28—30]. The simulations were
compared with experimentally produced cold rolling
textures of a low carbon steel with a random starting
texture.

3. Presentation of crystallographic rolling textures

Owing to the high symmetry of both the b.c.c. crystal
system and the orthorhombic sample system which is
set up by the rolling direction, RD, normal direction,
ND, and transverse direction, TD, the rolling textures
are presented in the reduced Euler space where an
orientation is given by the Euler angles ¢, ® and ¢, as
defined in Fig. 1 (0° < ¢y, ¢, ¢, <90°). Crystal orienta-
tions can also be conveniently described by Miller
indices {hkl}<{uvw). In this concept the triple {hkl}
describes the crystallographic plane which is parallel
to the sheet surface whereas (uvw ) indicates the direc-
tion parallel to RD. Since b.c.c. metals usually tend
to develop fiber-type textures during rolling [5], it
is advantageous to depict the orientation density by
so-called fiber diagrams. The most relevant b.c.c.
rolling texture components are accumulated along the
a-fiber, {hki}{110), containing {001}<110) (& =0°),
{112}¢110) (®=35°) and {111}<110) (¥ =55°) and
along the y-fiber, {111}<uvw), comprising {111}<{110}
(p=0° ¢, =60° and {111}<112) (¢, =30°
o, =90° (Fig. 2).

Fig. 1. Definition of the three Euler angles ¢;, ® and ¢,. Each triple
of Euler angles describes an orientation in Euler space.
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Fig. 2. Euler space (0° < ¢, ¢, <90°) for a cubic crystal system and
orthorhombic sample system (rolling direction RD, normal direction
ND, and transverse direction TD). Two relevant textures fibres are
depicted schematically.

4. Simulation results

The results of the simulation carried out by engaging
{110} {111 slip systems, hereafter referred to as type A
simulation, is shown in Fig. 3. Up to ¢=30% on the
g-fiber a uniform weak increase in the texture fiber
ranging from {001}{110) to {111}{110) is revealed
(Fig. 3). In this deformation regime, the y-fiber is
homogeneously developed, although {I111}<112) is
slightly pronounced. With increasng strain on the «-
fiber a strong {113}{110) texture component is gener-
ated. Compared with this orientation the {001}<110}
and the {111}<110> components reveal negligible orien-
tation densities (Fig. 3). On the y-fiber the {111}<112)
orientation strongly increases up to &= 60%, whilst the
{111}<110> component is degraded. For &> 60% the

{001} {112} {111} {110} {111} {114}
<110> <110> <110> <110>  <110>  <112>
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Fig. 3. Simulated evolution of b.c.c. rolling texture, 12 potential
{110} (111 slip systems (type A), «-fibre, y-fibre.
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Fig. 4. Simulated b.c.c. rolling texture, 12 potential {110}<111) slip
systems (type A), ODF in ¢, sections (Ag, =5°), £= 80%.

{111}<112)> component is stabilized on a somewhat
lower level (Fig. 3). This is also evident from the ODF,
presented in ¢, -sections for ¢=80% (Fig. 4).
Incorporating {112}{111) in addition to {110}<111}
slip systems, hereafter named type B simulations, leads
to a different prediction of rolling texture (Fig. 5). Up
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Fig. 5. Simulated evolution of b.c.c. rolling texture, 12 potential
{1103<111) and 12 {112}<111) slip systems (type B), z-fibre, y-fibre.

|LEVELS:
247 12

bce taylor interact 24sys. B0%

Fig. 6. Simulate b.c.c. rolling texture, 12 potential 1110}¢111) and
12 {112} 11T slip systems (type B), ODF in ¢, sections (A, = 5°),

&= 80%.

to £¢=50% the x-fiber appears quite uniform, ranging
from {001}<110) to {111}<110). The s-fiber reveals a
slight dominance of the {111}{112) texture component.
At larger strains two main orientations {113}<110> and
{112}<110) are generated on the z-fiber, whereas
{001}<110) and {111}<110) remain negligible. On the
y-fiber the {111}<112> component increases, whilst
{111}¢110) is degraded (Fig. 5). In Fig. 6 the complete
ODF is presented in ¢,-sections for ¢=80%. When
compared with Fig. 4 it is apparent that the a-fiber
predicted by the type B simulation (Fig. 6) has changed
from a peak-type texture containing only one single
maximum at {[13}<110) to a more or less fiber-type
texture.

If one allows also for slip on {123}¢111) glide sys-
tems, in addition to {110}{111) and {112}<{111), in the
following referred to as type C simulation, somewhat
different textures are predicted (Fig. 7). Up to £=40%
the #- and the y-fiber both reveal a homogeneous
orientation distribution. At larger strains a strong
{112}<110) and a slightly weaker {113}<110) texture
component are generated, whilst {001}{110> and
{111}<110) reveal negligible orientation densities. On
the y-fiber and {111}{112) component is slightly in-
creased (Fig. 5). In Fig. 8 the complete ODF is shown
for e=80% by use of ¢,-sections. The z-fiber which is
predicted by employing the type C simulation (& = 80%)
reveals a more homogencous, i.e. fiber-type shape (Fig.
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Fig. 7. Simulated evolution of b.c.c. rolling texture, 12 potential
(110}<111, 12 {112}<111) and 24 {123}111} slip systems (type C),
«-fibre, y-fibre.

8), when compared with the predictions of the type A
(Fig. 4) and type B (Fig. 6) models.

5. Experimental procedure and results

As an example of a typical b.c.c. transition metal
with nearly random starting texture (f(g)ma.x = 2.3 at
{001}¢110>) (Fig. 9) and small grain size (approxi-
mately 12 pum) the evolution of the rolling texture of a
low carbon deep drawing steel was examined quantita-
tively. The sample was hot rolled industrially using
seven subsequent passes. After hot rolling the sample
was cold rolled on a laboratory rolling mill in a strictly
reversing manner. This means the sample was rotated
180° about the transverse direction after each pass.
Since homogeneous deformation is primarily deter-
mined by the ratio of the contact length between the
strip and the roll surface /, to the thickness d, a ratio of
1 <ly/d <3 was complied during cold rolling.

All textures were examined quantitatively by measur-
ing the four incomplete pole figures {110}, {200}, {112}
and {103} in the range of the pole distance angle «,
5°-85° using Mo K, radiation. The measurements
were taken in the back-reflection mode [31]. From the
experimental pole figures the ODF f(g) was derived
using the series expansion method (/,.x =22) [11].

Concentrating essentially on low-carbon steels, the
rolling textures of b.c.c. transition metals have been the
subject of numerous studies in the past [e.g. 4-10].
According to these investigations it is widely accepted
that for deformation degrees < 70% a strong o-fiber
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Fig. 8. Simulated b.c.c. rolling texture, 12 potential {110}<111}, 12
{1123<¢111) and 24 {123}<111) slip systems (type C), ODF in ¢,
sections (A, =5°), e=80%.

texture ranging from {001}<110> to {112}<110) is
generated. On the y-fiber the {111}{112) component is
typically ~slightly more pronounced than the
{111}¢110)> orientation. At large strains, ie. for
£>70%, the «-fiber consists of a strong orientation
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Fig. 9. Experimental observed rolling textures of a low carbon steel.
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{111}<110). The maximum is typically positioned close
to {112}(110), but maximum components shifted to-
wards {111}<110) or {001}<110) respectively have also
been reported [e.g. 4~10]. On the y-fiber it was fre-
quently observed that at large strains the {111}{112)
orientation remains stable or even degrades and that
{111}<110) becomes the strongest texture component.
It is well established that experimental conditions such
as the starting texture, the chemical composition, the
grain size, the size and dispersion of precipitations and
the strain state imposed influence the resulting cold
rolling textures of b.c.c. metals [e.g. 4-10,20,32-38].

The low carbon steel examined in the present study
revealed a random starting texture (Fig. 9) and a grain
size of about 12 um. The hot rolled as well as cold
rolled samples did not reveal any through thickness
texture gradient which is a frequently encountered fea-
ture in ferritic stainless steels [5,10]. The textures were
measured in the center layer of the specimens. The
orientation distribution of the cold rolled steel under
investigation reveals two main features, i.e. the forma-
tion of a strong «-fiber and the increase in the y-fiber
(Fig. 9). For ¢<70% a nearly continuous orientation
tube ranging from {001}{111> to {111}<110> is ob-
served on the o-fiber. Within the strain regime
e="T70%-90% the texture maximum is located close to
{112}<110>, though slightly shifted towards
{111}<110) (Fig. 9). The second strongest texture com-
ponent is the {001}{110) orientation. For &> 80%
{111}<110> becomes the dominant texture component
on the y-fiber. Altogether the texture may be character-
ized as a fiber-type but not as a peak-type texture. The
development of the cold rolling texture examined here
is thus representative of other b.c.c. transition metals
[4-10,32-38].

6. Comparison between experimental and simulated
textures

A comparison of the calculated (Figs. 1-8) and the
experimentally observed texture development (Fig. 9)
substantaties that the type B (Figs. 5, 6) and type C
(Figs. 7, 8) simulations exhibit the best agreement with
the measured data and with equivalent results reported
in the literature [4~10,32-38]. The generation of the
a-fiber and the y-fiber with increasing deformation and
the occurrence of a broad maximum on the z-fiber
close to {112}(110) reveal a satisfying correspondence
with the experimentally observed textures (Fig. 9).

However, if one goes into details, three relevant
differences between the simulated and the experimental
textures become apparent. First, the calculated textures
are stronger than the experimental textures. Second, the
strong {001}<110> component which is experimentally
observed at large strains (Fig. 9) is not covered ade-

quately by the type B or by the type C simulation (Figs.
5 and 7). Third, the increase in the {111}<110) orienta-
tion which was experimentally detected to exceed the
orientation density of {111}<{112} at large strains is not
correctly predicted by the model (Fig. 9).

Concerning the first deviation it was observed that
the orientation densities of the cxperimental textures
are lower than the simulated densities even if the com-
putation of the ODF is carried out up to a series
expansion degree of /., =34 or if the component fit
method making use of Gauss-like scattering model
functions [39] is employed. However, the deviation
decreases when the scatter width of the Gauss function
which is superimposed on cach simulated orientation is
increased. Enhancing the scatter width (8°) used here,
however, leads to an artificial flattening of the simu-
lated texture without a sound physical basis,

The sharpness of the texture predicted by the Taylor
calculations is hence attributed to their fundamental
shortcoming: the slip systems which are activated for
accommodation of an externally imposed strain state
are reduced purely to their geometrical function, i.e, the
entire framework of dislocation dynamics is completely
neglected. Whereas the influence of the changing aspect
ratio of the grains is treated artificially by the RC
models, the absence of dislocation dynamics implies
that effects such as strain hardening, the influence of
cell size and the occurrence of mesoscopic inhomo-
geneities such as micro- and shear bands which all
affect the texture development in terms of quantitative
deviations (rotation velocily, texture maximum) and
qualitative deviations (stable orientations) are not taken
into consideration. It has, however, been reported by
Wagner et al. [19] that the implementation of a harden-
ing law in a viscoplastic self-consistent model does also
not Jead to essential changes in the predicted textures.

Furthermore, in the present model [12,13] the con-
cept of grain interaction is used in a statistical but not
in a local manner, The shear capacity of each grain is
normalized by the maximum occurring value rather
than by the shear capacity of the neighboring crystal.

The strain relaxation which depends on the shear
capacity of the grain considered thus ignores the real
orientations of its neighbors. Consequently, local stress
equilibrium is not achieved in the present approach.
The same applies for development of the local grain
shape during rolling. Considering these shortcomings,
the good agreement between simulation and experiment
is even surprising.

These observations thus allow the conclusion that, in
the case of b.c.c. metals, the basic qualitative features
of the texture evolution of homogencous materials is
only weakly related to the microstructure within each
single grain and that the main influence has to be
attributed to the types of potential slip systems and to
the occurring relaxation of the externally imposed
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strain constraints. Concerning the sharpness of the
texture evolution, however, the microstructure is ex-
pected to be of considerable relevance.

The other two deviations observed are partially at-
tributed to the influence of the starting texture.
Whereas the strong {001}{110) texture component re-
vealed by the experiments is well known to be an
orientation which is frequently inherited from the initial
hot band (Fig. 9) [5,10] the missing increase in
{111}<110) at large strains in the simulations cannot
be understood accordingly. Using the conventional
pancake-RC model the increase in the {111}<110) ori-
entation on the y-fiber at large strains is predicted more
precisely than using the model described here [5,6]. In
the pancake approach, relaxation of the shears parallel
to both RD and TD accounts in a simplified manner
for the grain shape. In the grain interaction model,
however, these shear components are relaxed to a
weaker extent which seems to underestimate slightly the
impact of the grain shape.

7. Conclusions

A Taylor-type model which accounts for grain inter-
actions was applied for the first time to the simulation
of rolling textures of b.c.c. metals within the range
e=0% to ¢=90%. In the model the activation of
{110}¢111), {112}<111) and {123}<111) slip systems
was considered using identical critical resolved shear
stresses. The model yields a satisfying correspondence
with experimental findings. However, three deviations
from the experiments were observed. First, the simu-
lated textures were too sharp. Second, the predicted
orientation density of the {001}<{110) orientation was
weaker than that determined from experiment and third
the {111}<110) component was too weak compared
with {111}<{112) on the y-fiber. The first shortcoming
was attributed to the absence of dislocation dynamics
and related mesoscopic features of the microstructure in
the model. Furthermore, in the model employed here
the concept of grain interaction is used in a statistical
but not in a local manner, which implies that local
stress equilibrium is not really achieved. The second
deviation was explained by the experimental conditions,
more precisely by the inherited hot band texture. The
third inaccuracy was attributed to the grain shape, the
evolution of which was neglected in the model.
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