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Modeling of Rolling Texture Development in a Ferritic
Chromium Steel

L.S. TÓTH, A. MOLINARI, and D. RAABE

The development of crystallographic texture during rolling of a ferritic chromium steel containing
11 pct Cr was examined experimentally as well as by polycrystal modeling at large strains (up to
90 pct thickness reduction). The initial shape of the grains was very much elongated in the direction
of rolling. A strong rolling direction (RD) fiber (^110& parallel to the rolling direction) has been
observed at large strains in the experiment. The Taylor viscoplastic model, the relaxed-constraints
pancake model, and the self-consistent viscoplastic approach were employed to simulate the texture
development. Strain hardening was accounted for by microscopic hardening laws, for which the
parameters were obtained from uniaxial tensile tests. It has been found that among the three models
considered, the self-consistent viscoplastic model (the version tuned to finite-element results) yielded
the best agreement with the experimentally observed texture evolution. Strong effects of grain shape
and hardening have been found. The pancake model was also able to reproduce the main character-
istics of the texture because of the flattened initial grain shape.

I. INTRODUCTION

MODELING of texture development has great techno-
logical importance, as plastic deformation usually induces
strong anisotropies in polycrystalline metals, leading to di-
rectional dependencies of the physical properties. The be-
havior of an individual crystal, however, depends on its
interaction with its surroundings, which is difficult to ac-
count for. Early models (Sachs[1] and Taylor[2]) assumed
stress and strain homogeneity, respectively. However, these
idealized conditions were not perfectly verified by meas-
urements or simulation results. It was recognized that grain-
shape effects can be important, and were first taken into
account by the relaxation of some stress components (re-
laxed-constraints model[3–6]). These relaxations, however,
can only be justified when the grain shapes are far from
equiaxed, i.e., are normally at very large strains (except
when they are elongated already at the beginning of defor-
mation, a case that will be studied in the present work).

An important step was taken with the introduction of the
self-consistent models,[7–10] which consider a grain as an
inclusion embedded in the polycrystal. A grain’s surround-
ings is a homogeneous equivalent medium (HEM) in these
models, which is defined by the average physical properties
of all grains. This approach can naturally account for the
shape and its evolution during deformation. It introduces
an interaction law between a grain and the polycrystal, for
which several approaches were proposed, namely, secant,[8]

tangent,[9] and finite-element-tuned[10] models. Among
these, the one that has been calibrated with the help of some
finite-element calculations will be employed in the present
study.[10] This modified self-consistent model has already
been successfully tested for torsion and rolling.[11,12] For
completeness and in order to estimate the performance of
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the self-consistent model, the classical Taylor and re-
laxed-constraint approaches will also be considered. All
models employed in the present work use the well-known
viscoplastic power law for crystallographic slip, incorpo-
rating microscopic strain hardening of the slip systems.

The cold-rolling textures of a ferritic chromium sheet
steel containing 11 pct Cr are studied in the present work.
Before cold rolling, it contained already very elongated
grains in its middle section, where the textures were mea-
sured and also simulated. Important effects of grain shape
and hardening were found, which have been studied by the
Taylor, the relaxed-constraints pancake, and the self-con-
sistent viscoplastic models.

II. EXPERIMENTAL

A. Material and Rolling Conditions

Table I shows the chemical composition of the ferritic
stainless steel under investigation. The material was contin-
uously cast and unidirectionally hot rolled, passing 7 four-
high stands, to a final thickness of 3 mm. The first pass was
carried out within the temperature range of 1400 to 1460 K,
and the last pass within the range of 1200 to 1300 K. After
hot rolling, the steel was annealed at 1300 K. Cold rolling
was carried out to a final reduction of ε 5 90 pct (ε 5 the
technical thickness reduction, Dd/d0). The samples were ro-
tated 180 deg about the transverse direction after each pass.
Since homogeneous deformation is primarily determined by
the ratio of contact length, ld, to sheet thickness, d, a ratio
of 1 , (ld/d) , 3 was obtained during cold rolling.

According to the metallurgical observations, the grain
shapes in the center layer of the hot band are elongated
substantially in the direction of rolling, with aspect ratios
of about 7:2:1, in the sense of rolling direction (RD), trans-
verse direction (TD), and normal direction (ND), respec-
tively. This situation, which is attributable to substantial
recovery during hot rolling, offers an excellent opportunity
to examine the effect of grain shape on the development of
the texture.
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Table I. Chemical Composition of the Ferritic Stainless
Steel (Balance Fe), Pct 5 Mass Percent

Cr C N Ti Nb

10.5 pct 0.01 pct 0.02 pct 0.11 pct 0.32 pct

Fig. 1—Measured (continuous line) and fitted (squares) true stress–true
strain curves for tension of the chromium alloy at 0 deg RD.

Fig. 2—{100} and {110} pole figures showing the initial experimental
textures in the Fe 11 pct Cr sheet in the center layer. Intensity levels: 1.0,
1.3, 1.6, 2.0, 2.5, 3.2, and 4.0.

Fig. 3—Key figures for the location of the ideal orientations of the bcc

rolling textures. Legend: j (111)[1 0], m (111)[1 1], and ¶ (001)[1 0].1 2 1

B. Tensile Tests

Figure 1 shows the measured hardening curve in the tensile
test (at a strain rate of 1.5 z 1024 s21) for samples that werezε
cut parallel to the rolling direction. The measured R value was
1.44. The strain-rate sensitivity index (m 5 d ln s /d ln ,zε
where s is the flow stress) was also measured in the tensile
tests by varying the strain rate, and was found to be m 5 0.02
at room temperature.

C. Texture Measurements and Experimental Results

The textures were examined by measuring four pole fig-
ures {110}, {200}, {112}, and {103} in the range of the
pole distance angle a from 5 to 85 deg using radia-MOKa

tion in the back-reflection mode.[13] In order to remove a
layer of 20 mm, the samples were etched in a solution of
50-mL H2O and 10-mL HF prior to measurement.

The orientation distribution function (ODF) was derived
using the iterative series expansion method.[14] This ap-
proach makes use of two assumptions, which yield consid-
erable improvement in pole figure inversion, as compared
to conventional Fourier methods. The first ingredient, re-
ferred to as the non-negativity condition, implies that neg-
ative pole densities are physically senseless. The second
condition is the so-called ‘‘phon concept,’’ where the term
‘‘phon’’ describes an isotropic background component.
This condition increases the non-negativity constraint in
such a manner that the minimum pole densities of the un-
measured recalculated pole figures are not only set equal to
zero, but also to the pole density of the phon component.
To reduce truncation errors, a series expansion degree of
lmax 5 34 was used. In order to provide a convenient pre-
sentation, the experimental data are presented in the form
of pole figures, which were recalculated from the ODF.

Ferritic stainless steels tend to develop characteristic fiber
textures, such as the so-called a-RD fiber, {hkl} ^110&
({hkl} normal to the sheet surface, ^uvw& parallel to RD)
and the g-ND fiber, {111}^uvw&. As is well known from
previous investigations,[15] the texture and microstructure of
ferritic stainless steels are very inhomogeneous throughout
the sheet thickness. Thus, in the present investigation, the
textures in the center layer are examined.

As a result of hot-band rolling, the sheet has a strong
initial texture, which is shown in Figure 2 in the form of
{100} and {110} pole figures. It contains a strong but not
even distribution of the RD fiber (i.e., ^110& parallel to the
rolling direction, see the key figure, Figure 3.).

The textures measured at 35, 80, and 90 pct rolling re-
ductions are displayed in Figure 4. They show a progressive
evolution of the RD fiber leading to a more uniform dis-
tribution along the fiber.

D. Discretization of the Experimental Initial Textures

For the purpose of texture simulations, a discrete set of
grain orientations is necessary. This was produced from the
initial texture by the technique of Wagner.[16] In this ap-
proach, the number of grains (texture components) is line-
arly related to the respective orientation density in Euler
space.

This initial distribution was symmetrized for the case of
the self-consistent simulations with respect to RD, TD, and
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Fig. 4—Textures measured at increasing rolling reductions in the sheet center layer. Number lists above each pole figure show corresponding isolevels.

ND planes, assuring the orthotropy of the texture. In this
way, a population of 3100 grains was used in the tensile-
test simulations, and 2800 in the case of rolling, both rep-
resenting very well the experimental initial texture.

The condition of orthotropic distribution of grain orien-
tations is necessary only in the use of the self-consistent
model for rolling. The reason is that in the real sample, the

distribution is orthotropic during rolling, which implies that
the HEM, which is made of all grains in the model texture,
has to possess the same property.

It has to be noted that the symmetry requirement is not
necessary in a classical Taylor or relaxed-constraints cal-
culation, as the behavior of individual grains does not de-
pend on the other crystals. Moreover, the behavior of those
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grains that are in symmetrical positions with respect to the
RD, TD, and ND planes is exactly the same under both
Taylor and relaxed-constraints conditions. Thus, a sym-
metrization of the initial distribution was not applied for
the cases of Taylor and relaxed-constraints calculations.
This means that 4 times less individual orientations are suf-
ficient in those cases. For the purpose of presenting pole
figures, the nonsymmetric orientation distribution has to be
symmetrized after the simulation.

III. MAIN ELEMENTS OF THE SELF-
CONSISTENT MODEL

In the present work, the self-consistent viscoplastic
model originally proposed by Molinari et al.[9] is employed
in a slightly modified form, namely, the version that was
tuned to finite-element results by Molinari and Tóth.[10] This
modification consists of the introduction of a calibration
parameter a in the interaction law that describes the inter-
action between a grain and the matrix, as follows:

21

g sgg s gs 2 S 5 a G 1 A [d 2 D] [1]@~ ! #
Here, dg and sg are the strain rate and the deviatoric stress
in the grain, respectively, and D and S are the same quan-
tities at the macroscopic level; i.e., for the matrix (the
equivalent homogeneous medium, consisting of all grains).
The term As is the macroscopic secant modulus defined by
S 5 As: D, and the tensor Gsgg accounts for the shape of
the grain during deformation and is calculated with the help
of the Green functions associated with the modulus As. For
more details, see the original articles of Molinari et al.[9,10]

In the present work, the isotropic version of the self-con-
sistent model was employed based on a previous calibration
of the interaction law, Eq. [1]. The tuning was carried out
by introducing the scalar parameter a in Eq. [1], which was
determined by comparing the predictions of the average
properties obtained from the present self-consistent model
to finite-element results. The latter were calculated for a
spherical inclusion embedded into an infinite matrix, in an
earlier work carried out by Gilormini and Germain.[17] For
this special case of a spherical inclusion and isotropy, a
simple relation was found between the parameter a and the
strain-rate sensitivity index m, as follows:[10]

2a 5 1 2 0.4(m 2 1) [2]

Since for the present material m is very low (0.02), a could
be taken as 0.6. This value of a corresponds to spherical
inclusions, whereas in the present material, the grain shape
is already very much ellipsoidal, prior to cold rolling.
Therefore, a does not necessarily have to be the same as
for the spherical case. For this reason, a wide range of the
a parameter will be examined in the present work, and the
resulting textures will be compared to the experimental
ones. In fact, varying the a parameter corresponds to dif-
ferent models proposed in the past, as follows:

a 5 0: static model,
a 5 m: tangent model,[9]

a 5 1: secant model, and
a 5 `: Taylor model.[2]

IV. MICROSCOPIC HARDENING

In rate-sensitive slip, the usual power law is commonly
used to relate the slip rate to the stress level ts in a slipz sg
system identified by the index s, as follows:[18]

1s s 21t tz z ms sg 5g [3]0 s s t t0 0

Self and latent hardening can be readily accounted for by
a suitable evolution of the reference values in the con-st0

stitutive law of Eq. [3].[19,20] In the present work, the ap-
proach of Kalidindi et al.[20] has been employed for this
purpose, which uses the following hardening law:

z zi ij jt 5 H |g | i, j 5 1. . . n [4]Σ0
j

ait 0ij ijH 5 q h 1 2 [5]0 ~ !t sat

where n is the total number of slip (and twinning) systems
in Eq. [4], and Hij is a (n 3 n) hardening matrix. The latter
is introduced to account for the interactions between slip
systems. This interaction is twofold. First, it contains a qij

matrix, which expresses the geometrical relation between
the slip systems. Second, the interaction is governed by a
power function that is defined by the exponent a, the
parameter h0, and the saturation value of the reference
stress, tsat. As for the geometrical factor qij, the proposition
of Zhou et al.[21] has been adopted, which distinguishes the
following four cases: (1) coplanar slip (qij 5 q1); (2) col-
linear slip (qij 5 q2); (3) systems with perpendicular glide
(qij 5 q3); and (4) all others (qij 5 q4).

According to the aforementioned definitions, the param-
eters required to formulate the microscopic hardening law
are the following: , , a, h0, tsat, q1, q2, q3, and q4. Theyz s sg t0 0

may seem to be quite numerous; however, for their iden-
tification, several physical ideas of dislocation dynamics
can be used. For the derivation of the q1, q2, q3, and q4

parameters, see References 21 and 22. Since the chosen
values of the parameters do not influence the texturez sg0

development, they can be assumed equal. The initial values
of the parameters can also be taken to be equal withinst0

one slip-system family if the material is well annealed and
stress released prior to deformation. These values, however,
usually vary from one slip-system family to another. The
relative strengths of the different slip-system families can
be determined from single-crystal experiments, or by spe-
cial techniques; see the recently proposed method of Tóth
and Serghat.[23] Another possibility is to obtain them by
modeling measured hardening curves. This technique is
also proposed in the present study for the remaining hard-
ening coefficients, a, h0, and tsat.

As in earlier simulations,[24,25] three families of slip sys-
tems were considered in the simulations: the {110}, the
{112}, and the {123} slip planes, all with the well-known
^111& slip directions. They represent 48 systems (12
{110}^111&, 12 {112}^111&, and 24 {123}^111&). For the
initial strengths of these systems, the very same values were
employed within one family; however, preference was
given for the {112}^111& slip by prescribing a relative
strength of 90 pct of those corresponding to the other two
families, which were taken to be equal. The relatively eas-
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Table II. Values of the Microscopic Hardening Coefficients
Derived from the Fitting of the Experimental Tensile Test

Curve Shown in Figure 1 for the Self-Consistent Model with
a 5 0.6 and q1 5 1, q2 5 1, q3 5 1.4, and q4 5 1.2

a
h0

(MPa)
tsat

(MPa)
t {110}

0

(MPa)
t {112}

0

(MPa)
t {123}

0

(MPa)

2.08 1700 252 117.9 106.1 117.9

iest slip on {112} planes has been suggested in earlier stud-
ies.[12,26,27]

It is obvious that the values of the microscopic hardening
coefficients are model dependent. Therefore, for each
model, they were determined from the tensile test, by re-
producing the experimental curve nearly perfectly by the
polycrystal simulations. In this fitting procedure of the
hardening parameters, first the values of the initial reference
stresses were identified by reproducing the yield stress of
the material. Subsequently, incremental iterative types of
simulations were carried out by varying the hardening
parameters (a, h0, and tsat) until a perfect agreement was
obtained between the predicted and the measured tensile-
test curves. For the rate-sensitivity exponent in the consti-
tutive law, Eq. [3], the measured macroscopic m value was
used (m 5 0.02). Concerning the prescribed deformation
of the polycrystal, the velocity gradient corresponding to a
strain rate of 1 s21 was employed in the rolling direction,
whereas the other two normal components were imposed
with the help of the measured R value (R 5 1.44). The
hydrostatic component was obtained using the condition of
zero normal stress in the ND of the tensile model specimen.
Finally, the tensile stress curve was plotted and compared
to the measured one.

The aforementioned fitting procedure led to the values
displayed in Table II for the hardening coefficients for the
self-consistent model, with a 5 0.6 and with q1 5 1, q2 5
1, q3 5 1.4, and q4 5 1.2. In order to show the quality of
fitting, the simulated curve obtained for this case is also
plotted in Figure 1.

V. PREDICTED TEXTURES

A. Textures Predicted by the Self-Consistent Model

The discrete distribution generated from the starting tex-
ture (2800 grains in orthotropic symmetry) together with
the microscopic hardening parameter was used to model the
texture development with the help of the self-consistent
model. Different a values were used in the interaction law
(Eq. [1]) so that the dependence of the predicted textures
on a could be examined. This dependence was investigated
because the self-consistent viscoplastic model was cali-
brated for spherical grains, whereas in the present case, the
grains are already strongly elliptical at the beginning of
rolling.

Since the grains were flattened at zero strain, with aspect
ratios of 7:2:1 (with respect to the RD, TD, and ND, re-
spectively), the initial shapes of the grains in the simula-
tions were taken to be elliptical, for each grain with the
same form. They were also updated during rolling, leading
to extremely elongated grains at large strains.

The parameter a was taken to be 0.2, 0.6, 2, 10, 100,

and ` and the textures have been derived with the self-
consistent model (for a 5 `, the Taylor viscoplastic model
was used). In order to save space, the resulting pole figures
are presented only at the largest strain, at 90 pct rolling
reduction (Figure 5).

Detailed comparisons of the predicted textures with the
measured ones (compare Figure 5 with Figures 4) permit
the conclusion that the textures obtained for a 5 0.6 are
in best agreement with the measurement. For the smallest
a value, variations in the pole figures can be seen, which
show a deterioration of the predictions. A similar conclu-
sion can be drawn from the pole figures obtained for a 5
2, 10, and 100 in Figure 5, which shows the gradual
strengthening of the (112)[110] orientation, which is in dis-
agreement with the experiments. In fact, the strengthening
of this component shows that the conditions tend toward
the Taylor case, see Figure 5 for a 5 `.

From the results supplied by the self-consistent model,
we can conclude that this approach is able to reproduce the
experimental texture with a good precision. Concerning the
dependence of the results on the tuning parameter a, it is
not too strong in the expected range of this parameter (i.e.,
between a 5 0.2 and 2.0). Nevertheless, the best result
corresponds to a 5 0.6, which is the value obtained from
the previous tuning of the self-consistent model.[10] There-
fore, further results obtained with the self-consistent model
will be examined for the case of a 5 0.6 in the present
article.

B. Effects of Grain Shape Predicted by the Self-
Consistent Model

Since the grain shapes were particularly flattened at the
beginning of rolling, they may cause important variations
in the development of the texture. In order to check the
effect of the initial-grain shape on the predicted textures,
another simulation was performed with the self-consistent
model, namely, with the initial grain shapes equiaxed at
zero strain. (Their form development during rolling, how-
ever, was taken into account in the simulation.) The tex-
tures obtained from this simulation are presented in Figure
6 for a rolling reduction of 90 pct and with an a parameter
of 0.6.

As can be seen from Figure 6, the simulated texture de-
viates considerably from the experimental one (compare
with Figure 4) when the initial shape is considered
equiaxed. The main difference is the loss of the fiber char-
acteristic in the texture. Instead, the {111}^1 0& texture1
component seems to be excessively strong. The shape of
initially spherical grains becomes strongly flattened because
of the large strain they experience, up to the aspect ratios
of 10:1:0.1 in the RD, TD, and ND, respectively. However,
when the real initial grain shape is considered, the final
aspect ratios after 90 pct rolling reduction amount to 35:
1:0.05. In this context, one should note that the individual
shape development of the grains is different from each
other in self-consistent modeling, although the average
shape follows the imposed strain of the sample. As can be
seen from these aspect ratios, the final grain shape depends
strongly on the initial one. It can be concluded from the
results obtained in this section, that the initial shape has a
substantial influence on the texture development at large
strains.
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Fig. 5—Simulated pole figures obtained by the self-consistent model (top line: {100}, bottom line: {110}) for a rolling reduction of 90 pct at different
values of the a parameter. (Isovalues for the {100} pole figures: 0.8, 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, and 6.4, except for a 5 `, where they are 0.7,
1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0, and 11.0. Isovalues for the {110} pole figures: 0.7, 1.0, 1.4, 2.0, 2.8, 4.0, 5.6, 8.0, and 11.0, except for a 5 100, where
they are 1.0, 1.3, 1.6, 2.0, 2.5, 3.2, 4.0, 5.0, 6.4, and 8.0.)

Fig. 6—Predicted textures for 90 pct rolling reduction obtained with the
self-consistent model for initially spherical grain shape. Numbers above
the figure indicate isolevels.

Fig. 7—Predicted textures for 90 pct rolling reduction obtained with the
self-consistent model without hardening but using initial shape and its
development during deformation. Numbers above the figure indicate
isolevels.

C. Effect of Hardening on Texture Development in Self-
Consistent Modeling

Hardening is frequently neglected in polycrystal model-
ing when only the texture development is examined. This
can be accepted in the case of isotropic hardening and Tay-
lor modeling. However, hardening can be important in the
self-consistent case because of the interaction of individual
grains with the HEM. In order to demonstrate this effect, a
simulation has been carried out where hardening was com-
pletely neglected. In this case, the initial values of the ref-
erence stresses were used throughout the deformation.
However, the initial shape and the subsequent shape
changes during deformation were considered. The resulting
textures obtained in this way are displayed in Figure 7, after
90 pct rolling reduction for an a parameter of 0.6. One can
see from this figure that without hardening, this particular
simulation does not reproduce all the ideal components ob-
served in the experiment.

D. Some Results Obtained at the Microscopic Scale in
Self-Consistent Modeling

1. Grain deformation
An important characteristic of the self-consistent model

is that the deformation of individual grains generally differs
from the imposed macroscopic one. It is interesting to study
this aspect of the deformation process at the beginning of
deformation, as well as at large strains. For this purpose,
the average standard deviation of the strain rate of grains
with respect to the macroscopic one is calculated and dis-
played in the following matrices for a strain rate of D11 5
1.0 s21:

0.15 0.15 0.42
at 0 pct rolling: 0.15 0.15 0.31@ #

0.42 0.31 0.15
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Table III. Relative Activity of the Slip-System Families,
Number of Active Slip Systems, and the Slip Localization
Parameter at the Beginning of Deformation and at Large

Strain According to the Self-Consistent Model

0 Pct Rolling 90 Pct Rolling

Slip family {110},111. 44.5 pct 47.5 pct
Slip family {112},111. 51.7 pct 18.0 pct
Slip family {123},111. 3.7 pct 34.5 pct
Number of active slip systems 4.13 5.55
Slip localization in the most

active slip system 59 pct 38 pct

Fig. 8—Strain rate components, which can be relaxed in the pancake
model when the grain shape is very much elongated.

0.005 0.001 0.29
at 90 pct rolling: 0.001 0.005 0.30@ #

0.29 0.30 0.005

As can be seen from the above-average strain-rate deviation
matrices, the average deformation of the grains is quite dif-
ferent from that of the whole sample. For each strain-rate
component, there occurs a deviation of at least 15 pct. This
deviation seems to be larger for two components, D13 and
D23, as compared to the other ones. As it will be studied in
Section 2, these are the components to be relaxed in the
pancake model. At large strains, the situation changes sig-
nificantly. The deviation of the strain components of indi-
vidual grains from the macroscopic one decreases to nearly
zero concerning the normal components D11, D22, and D33,
and one shear component, D12. The pancake-type strain
components, however, still deviate from the macroscopic
one by about 30 pct.

2. Slip-system activity
Three slip-system families were considered to be avail-

able in the present material and also in the simulations,
namely, {110} ^111&, {112} ^111&, and {123}^111&. It was
assumed that the easiest one is the {112}^111& family, at
least at the beginning of deformation, with a relative critical
resolved shear stress (CRSS) value of 0.9, with respect to
the other two families, where the CRSS’s were set equal to
each other (Table II). As a consequence of the different
initial strengths of the slip systems, their activity varies
from one family to the other and also as a function of strain.
The relative activity of a slip-system family can be readily
calculated by summing up the absolute values of all slip
rates that take place in the corresponding slip systems of
the same family, and divide that by the sum of the total
slip rate in a grain. An average value can also be obtained
for the entire polycrystal by averaging the single-crystal
slip-family activity values on the whole polycrystal. Some
results obtained in this way are displayed in Table III.

At the beginning of deformation, the {112}^111& family
has the lowest critical stress. Hence, it is expected that this
family would be the most active one. This is in fact the

case, as can be seen from the values in Table III. As a
result of the present nonisotropic hardening, however, the
situation changes. The activity of the {112}^111& family
decreases considerably at large strains, whereas the relative
activity of the other two types of systems increases (Table
III).

The number of active slip systems was also calculated in
the present simulations. A slip system was considered to be
active if at least 5 pct of the total slip in a grain is concen-
trated on it. Table III displays the average number of active
slip systems of the polycrystal. As can be seen from this
table, the number of active slip systems increases from 4.13
to 5.55 at large strain, indicating that multiple slip takes
place already at the very beginning of plastic deformation.
The aforementioned definition for the number of active slip
systems, however, does not give any information on the
slip pattern; i.e., on the spatial distribution of shear among
the operating slip systems. Indeed, in order to achieve a
better characterization of the slip-system activity, another
quantity was also calculated and displayed in Table III, the
average percentage of the shear corresponding to the most
active system with respect to the total slip in a grain. This
parameter was calculated in each grain, and was also av-
eraged at the polycrystal level. At the beginning of strain-
ing, this slip localization parameter amounts to almost 60
pct, and thus only 30 pct of the total slip is distributed
among the other active slip systems. This situation, in fact,
is not too far from the single slip case, the Sachs model.
At large strains, however, the slip localization factor is only
38 pct (Table III), which clearly indicates that there is a
multiple slip situation. However, this case does not reflect
a classical Taylor-type situation as the grain strain deviates
considerably from the macroscopic one for two shear com-
ponents. The tendency of developing multiple slip is un-
derstandable, when considering the fact that at large strains,
all grains approach the ideal positions where there is mul-
tiple slip. It was shown in a previous work that in rolling,
the minimum number of active slip systems is actually four
for an ideal orientation.[28]

VI. RESULTS OBTAINED BY THE PANCAKE
MODEL

In the pancake model, it is assumed that such shear-strain
components that produce incompatibilities in the narrow lat-
eral grain boundaries can be tolerated. This assumption im-
plies zero stresses for the corresponding shear components.
These components are displayed in Figure 8. Since the grain
shape in the present case is already very elongated at the
beginning of cold rolling, it can be expected that the condi-
tions of the pancake model are nearly fulfilled; i.e., this model
should be able to reproduce the experimental textures.

The development of the texture was modeled with the
pancake model using the same relative initial CRSS values
for the three slip-system families and the same microscopic
hardening law described previously, employing the hard-
ening parameters obtained from the fitting of the tensile-
test experiment by the pancake model. The texture obtained
at 90 pct rolling reduction is displayed in Figure 9. It can
be seen from the comparison of this figure with the exper-
imental texture (Figure 4) that the main characteristics of
the texture are reproduced. In fact, the pancake texture is
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Fig. 9—Simulation result obtained by the relaxed constraints pancake
viscoplastic model at 90 pct rolling reduction. Numbers above the figure
indicate isolevels.

Fig. 10—Simulation result obtained by the relaxed constraints pancake
viscoplastic model at 90 pct rolling reduction without hardening. Numbers
above the figure indicate isolevels.

also similar to the one predicted by the self-consistent
model for a 5 0.6 (Figure 5). Close inspection reveals,
however, that the pancake model predicts the {001} ^110&
component to be the strongest along the RD fiber, whereas
in the experiment, and also in the self-consistent case, the
maximum is located at the {111}^110& orientation. Thus,
the self-consistent model approximates the experimentally
observed texture better than the pancake model.

The effect of hardening in the case of the pancake model
is similar to the one in self-consistent modeling. When mi-
croscopic hardening is neglected, the obtained texture is in
poor agreement with the experimental one. This situation
is illustrated in Figure 10, where the pole figures of the
texture are shown after 90 pct rolling reduction without
using hardening. The main deviation from the experimental
texture is the absence of the continuous fibers; i.e., only
some ideal components are strengthened along the fibers.

The effect of microscopic hardening on texture devel-
opment was also studied earlier by Kocks et al.[29] in rolling,
compression, and tension, with gradual relaxed-constraints
conditions and using a forest model of latent hardening.
They found little effect of hardening on the development
of the texture, except for compression. Their approach,
however, is based on some theoretical estimates of the la-
tent hardening coefficients, whereas in the present work
they were obtained from a fitting procedure of the hard-
ening curves of tensile tests. The strong hardening effects
observed in the present study may be due to the previously

described precise calibration technique of the hardening co-
efficients, which may give more realistic values.

VII. CONCLUSIONS

In this work, the texture development was studied in a
ferritic chromium steel by rolling experiments as well as
by theoretical modeling. An interesting feature of the mi-
crostructure was that the grain shape was already very
much elongated prior to cold rolling in the center region of
the sheets. The self-consistent model, the relaxed-con-
straints pancake, and the full-constraints Taylor approaches
were applied for the prediction of the development of crys-
tallographic texture, with special regard to the effect of
grain shape, as well as to microscopic hardening. From the
results obtained, the following conclusions can be drawn.

1. The finite-element tuned self-consistent model repro-
duces precisely the experimental texture development
when grain-shape evolution and microscopic hardening
are both included.

2. When either hardening or the grain-shape influence are
dropped in the model, the experimental textures are not
well reproduced. Therefore, both are decisive elements
of the self-consistent approach.

3. The relaxed-constraints pancake model leads to textures
that approach the experiments relatively well because of
the elongated initial grain shape. The relative experi-
mental pole densities of the components, however, are
not well predicted. The decisive effect of hardening on
the development of the texture was also verified in the
pancake model.

4. The self-consistent model justifies the relative applica-
bility of the pancake model, as exactly the same shear
components are relaxed in the self-consistent case at
large strains as in the pancake model. The advantage of
the application of the self-consistent model is that it is
able to account for the grain shapes and applies the ‘‘re-
laxation’’ of certain components in an automatic way.

5. Nearly 60 pct of the total slip is, in average, concen-
trated in the most active slip system at the beginning of
rolling, suggesting in this way a slip pattern that is not
too far from single slip. This situation changes at large
strains, where multiple slip applies.
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