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Abstract

Local lattice rotations and in-grain orientation gradients at j precipitates in matrix grains with orientations near the 45� rotated cube
{0 0 1}h1 1 0i (RC) and the c-fiber components {1 1 1}h1 1 2i were investigated in a Fe3Al alloy warm-rolled to reductions of between
10% and 60%. Near-RC grains showed larger local lattice rotations at precipitates than c-fiber grains. In RC-oriented grains the local
lattice rotations about the transverse direction (TD) were dominant at low reductions, but rotations about the rolling direction (RD) also
occurred at higher strains. In the c-fiber grains the axes of the in-grain lattice rotations were scattered between TD and RD. The rotations
around the particles and their orientation dependence were analyzed using 3-D crystal plasticity finite-element simulations of a spherical
inclusion in a plane strain deformed matrix of different orientations, namely RC, {1 1 1}h1 1 2i and {1 1 1}h0 1 1i.
� 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

When crystalline materials are plastically strained the
crystal lattice often rotates as locally subdivided units
within originally homogeneous grains. These local lattice
reorientations, leading to orientational gradients within
grains (in-grain orientation gradients, grain fragmenta-
tion), are known to depend on the initial grain orientations
of the materials with respect to the imposed load [1–3]. The
orientation dependence may cause inhomogeneity of local
strain hardening and of recrystallization kinetics during
annealing, i.e. higher in-grain orientation gradients pro-
mote faster recrystallization kinetics. A number of studies
on this subject have been published for materials with
body-centered cubic (bcc) crystal structure, deformed
under near-plane-strain conditions [3–10]. The 45� about
the normal direction (ND) rotated cube (RC) texture com-

ponent, {100}h0 1 1i, shows in bcc materials very weak in-
grain orientation gradients even after large plane-strain
deformation and very sluggish recrystallization kinetics,
whereas orientations that belong to the c-fiber texture com-
ponent, {1 1 1}//normal direction (ND), typically reveal
much stronger in-grain orientation gradients and, hence,
faster recrystallization kinetics when exposed to a heat
treatment. Early studies on this subject were made by Hu
[4,5] in Fe–Si single crystal and by Dillamore [6,7] in pure
Fe. Recent works using finite-element methods and elec-
tron backscatter diffraction (EBSD) have provided detailed
data about in-grain orientation gradients and their conse-
quences in the different texture components [3,8–12].

Fe3Al-based alloys exhibit bcc-related crystallographic
structures, i.e. bcc, B2 and D03 with decreasing tempera-
ture. The alloys typically show similar orientation depen-
dence of the texture evolution and deformation/
recrystallization behavior as commonly observed in sin-
gle-phase bcc materials [13–20]. It was found in a Fe3Al-
based alloy that a strong RC and c-fiber texture was devel-

1359-6454/$36.00 � 2010 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

doi:10.1016/j.actamat.2010.08.030

⇑ Corresponding author.
E-mail address: kobayashi@imr.tohoku.ac.jp (S. Kobayashi).

www.elsevier.com/locate/actamat

Available online at www.sciencedirect.com

Acta Materialia 58 (2010) 6672–6684



Author's personal copy

oped during warm rolling. Further, it was observed that c-
fiber grains recrystallized, but near-RC grains mainly
recovered even after long annealing treatment.

As a consequent next step in the further alloy and micro-
structure development strategy we introduced coarse parti-
cles into the matrix to promote local deformation
inhomogeneities in the form of lattice rotations at the pre-
cipitates during deformation [21–26]. The goal of this
microstructure modification consists in promoting recrys-
tallization nucleation during annealing in order to achieve
grain refinement. In our current study, we find in warm-
rolled samples that RC-oriented grains indeed show larger
in-grain local lattice rotations at j-Fe3AlC carbide precip-
itates than c-fiber oriented grains [26]. This finding
describes an opposite trend when compared to the orienta-
tion dependence of reorientation and grain fragmentation
observed in particle-free bcc-based materials described
above [3–20].

Local lattice rotations at particles (particle-affected
deformation zones) have been intensively investigated
within several main texture components especially in Al
alloys [27–35], but experimental evidence showing strong
orientation dependence of the local lattice rotations at pre-
cipitates has not yet been reported. As a theoretical
approach along this line Gottstein’s group recently con-
ducted quantitative coupled finite-element modeling–tex-
ture simulations on the orientation evolution around
hard particles [35].

In view of our recent experimental findings, the purpose
of this paper is to investigate the orientation dependence of
local lattice rotations and in-grain orientation gradients at
j precipitates in two main stable matrix orientations,
{0 0 1}h1 1 0i and {1 1 1}h1 1 2i, in a warm-rolled Fe3Al
alloy. The term “stability” here refers to the reorientation
behavior of the grains without the presence of particles
under plane-strain loading. We show that the orientation
dependence of the deformation field around particles in
otherwise stable grains creates locally highly instable situa-
tions that locally lead to high reorientation values.

2. Experimental procedures

The nominal composition of the alloy studied was Fe–
26.4Al–1.2C–1.0Mo (at.%). This alloy was prepared from
3 N purity iron, 4 N aluminum, 3 N chromium, 4 N molyb-
denum and 3 N carbon as a 2 kg ingot by induction melting
in an argon atmosphere. In this alloy, the j-Fe3AlC carbide
phase is precipitated within the bcc matrix below
�1150 �C, and the bcc matrix orders to B2 and to D03 at
�900 and �550 �C, respectively [26].

The ingot was hot rolled to a thickness of 1.7 mm. The
plate was cut to a size of 10 � 1.7 � 50 mm3 and subse-
quently heat treated at 1200 �C in the bcc single-phase field
for 15 min followed by air cooling. The air-cooled plate
was warm-rolled under lubrication using a furnace temper-
ature of 700 �C at which the matrix phase is B2 ordered.
The reduction per pass was about 5%. Microstructures

and crystal orientations were analyzed in the samples rolled
to reductions of 10%, 25%, 40%, 50% and 60%. From each
warm-rolled slab a sample was cut for microstructure anal-
ysis. The RD–ND planes were ground and mechanically
polished down to 1 lm Al2O3 followed by electropolishing
in a solution of 93% ethanol + 7% perchloric acid.

Orientations of the matrix grains in the warm-rolled
samples were analyzed using TSL software based on the
analysis of EBSD patterns in a field emission scanning elec-
tron microscope (FESEM). The step size for the analysis in
the EBSD measurements was 0.5 lm. The microstructure
of the samples was observed using optical microscope
and a backscattered electron (BSE) detector in the
FESEM.

3. Results and discussion

3.1. Matrix grain size, orientation and morphology of j
precipitates

Fig. 1 shows an optical micrograph and an EBSD
inverse pole figure (IPF) map of the RD–ND section of
the entire rolled sample after a reduction of 10%. It can
be seen that rod-like j precipitates are distributed in
�1 mm sized large grains. The large grain size was attrib-
uted to the heat treatment at 1200 �C in the bcc single-
phase field. A preliminary EBSD measurement with a
coarse step size (5 lm) revealed that grains with orienta-
tions near RC and c-fiber texture components exist near
the center position of the sample. Fig. 2a shows an IPF
map taken at 0.5 lm step size from the enclosed area in
Fig. 1b. The matrix orientations, determined in regions a
few tens of micrometers away from the j precipitates, were
(1 2 23)[17 �20 1] and (18 13 15)[5 �15 7] in the RC and c-
fiber grain, respectively. The areas that were at least 10 lm
away from the grain boundaries, such as the enclosed areas
shown in Fig. 2a, were used for the investigation of local
lattice rotations at j precipitates in order to avoid superim-
posed constraints of a grain boundary. Table 1 lists the
matrix host orientations in which the local orientations
were analyzed at each rolling reduction level.

Fig. 2b shows a BSE image corresponding to Fig. 2a. It
shows that the rod-like j precipitates assume different
directions. An EBSD analysis revealed that the longitudi-
nal axes of the j rods are parallel to the h1 1 2i directions
in the matrix. The volume fraction and the diameter of j
rods were measured as �12% and 3–7 lm, respectively.

3.2. Local lattice rotations and orientation gradients at j
precipitates

Although local lattice rotations at the precipitates can
be recognized qualitatively in Fig. 2a they were also quan-
titatively analyzed using the Grain Reference Orientation
Deviation (GROD) function. This tool reveals the angular
deviation of each point relative to a given reference orien-
tation, e.g. a point representing the stable grain interior far
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away from the precipitate interface. The tool is available in
the TSL-OIM software. Fig. 3a and b shows such GROD
maps in which the color code given in the index reveals
those areas that are highly misorientated by more than
15� with respect to the average matrix orientation. The
GROD maps depicted in Fig. 3 are given for the squared
areas in Fig. 2a. It can be seen that the highly misoriented
areas are formed frequently at the tips of j precipitates in
RC-oriented grain (Fig. 3a), while such zones occur less
frequently in c-fiber oriented grains (Fig. 3b). At a sheet
thickness reduction of 60%, the frequency of the misori-
ented areas increases and the maximum local misorienta-

tion angles reach values as large as 45–60� in the RC
grain (Fig. 3c). Highly misoriented areas are visible also
in the c-fiber grain, but their frequency is far below that
observed in RC-oriented grains. In addition, it can be seen
in both types of grains that smaller local lattice rotations
tend to occur at j rods the longitudinal axes of which are
inclined 15–30� from the RD within the ND–RD plane.

Fig. 4 shows the change in the fraction of highly misori-
ented areas in the two matrix orientations as a function of
the rolling reduction. At all rolling reductions the fraction
of the areas and the degree of the maximum misorienta-
tions are higher in the RC orientations than in the c-fiber

Fig. 1. The RD–ND section of the entire sample rolled to a thickness reduction of 10%: (a) optical micrograph; (b) EBSD inverse pole figure (IPF) map.
Grain boundaries (>15�) are drawn by solid lines in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

(a) (b)

Fig. 2. (a) An EBSD IPF map and (b) a BSE image obtained from the enclosed area in Fig. 1b. The color index for the EBSD map (a) is indicated in
Fig. 1. The j precipitates are colored by black in (a). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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orientation. This result indicates a higher susceptibility to
large local lattice rotations and orientation split-up in the
RC grains than in c-fiber grains in those regions that are
affected by the precipitates. Fig. 5 displays details of the

local lattice rotations and orientation gradients at the j
precipitates in terms of the corresponding GROD maps.
The following common features are observed regardless
of the matrix orientation: (1) The morphology and loca-

Table 1
The orientations of matrix grains in which local lattice rotations at j precipitates were analyzed. Each orientation was taken from the
average orientation of matrix remote from the precipitates. The deviation angles from the RC or the (1 1 1)h1 1 2i orientation are also
listed.

Rolling reduction Component (hkl)[uvw] Euler angles (Bunge) Deviation angle (�)

u1 U u2

10 RC (1 2 23)[17 �20 1] 5.1 4.0 45.0 7.1
25 RC (0 0 1)[11 �19 0] 14.9 0.0 45.0 14.9
40 RC (0 0 1)[16 �19 0] 4.9 0.0 45.0 4.9
50 RC (0 0 1)[11 �19 0] 14.9 0.0 45.0 14.9
60 RC (0 0 1)[11 13 0] 85.3 0.0 45.0 4.7
10 GF (18 13 15)[5 �15 7] 30.0 54.9 55.0 10.0
25 GF (24 19 17)[2 �7 5] 44.5 60.0 50.0 14.5
40 GF (21 23 31)[5 �14 7] 35.0 45.0 45.0 10.8
40 GF (22 23 40)[28 �32 3] 4.0 40.0 45.0 15.5a

50 GF (10 9 8)[7 �22 16] 40.0 60.0 50.0 14.4
50 GF (10 8 9)[5 �13 6] 30.0 54.9 50.0 5.0
60 GF (6 6 5)[9 �19 12] 34.9 59.8 45.0 7.0

a The deviation angle from {1 1 1}h1 1 0i.

Fig. 3. EBSD Grain Reference Orientation Deviation (GROD) maps obtained from samples warm-rolled to a reduction of 10% (a and b) and 60% (c and
d) in the RC-oriented grains (a and c) and c-fiber-oriented grains (b and d). The areas misoriented by more than 15� with respect to the averaged matrix
grain are indicated by the colors. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tions of locally highly misoriented areas are dependent on
the alignment of the j rods with respect to the loading ref-
erence coordinate system; (2) the magnitude of the local
misorientation accumulation in front of the precipitates
increases with decreasing spacing to the precipitate inter-
faces; (3) there are several misoriented zones around each
precipitate. These zones assume a symmetrical arrange-
ment (e.g. A and C, B and D in Fig. 5a shows similar lattice
rotations).

The increase in the local misorientations when approach-
ing the particle interfaces [23,28,33,34] and the occurrence
of several misoriented zones and their symmetrical arrange-
ment around a particle were reported previously in the liter-
atures [30–32]. Accumulated misorientation profiles relative
to matrix orientations were taken along the paths indicated
by the lines in Fig. 5, and are quantified in Fig. 6. It can be
recognized that the orientation gradients increase when
approaching the precipitates in all cases. The values of the
maximum occurring orientation gradients, indicated in the
figure, appeared to be independent of the matrix orienta-
tions, and rather dependent on the position of the inspected
zones around the j precipitates.

3.3. Rotation axes and signs of local lattice rotations at the

precipitates

Fig. 7 shows the local lattice rotation axes observed
before the j precipitates in each matrix grain investigated
in the warm-rolled samples. The axes are stereographically
projected relative to the material coordinate system using
plane symmetry as a reference frame. Although the rota-
tion axes are scattered, the following tendencies can be rec-
ognized. (1) In the RC-oriented grains the rotation axes are
concentrated near the TD-axis of the matrix phase at low
rolling reductions (see Fig. 7a–c). (2) The axes are, how-
ever, scattered from TD towards RD at high thickness

reductions (Fig. 7d and e). Note that rotation axes close
to RD occur frequently in the sample that is rolled to a
thickness reduction of 60% (Fig. 7e). (3) In the c-fiber
grains the rotation axes are rather scattered from TD to
near RD at all rolling reductions (Fig. 7f–j).

The local lattice rotations about a crystallographic
direction near TD or about TD are considered to accom-
modate deformation incompatibilities between the matrix
and the second-phase hard particles under plane-strain
loading [27,28,36]. As will be discussed below in more
detail, the rotation axis is closely connected to the skew-
symmetric portion of the velocity gradient that is created
by the active slip system in the shear zones before the pre-
cipitates. The reason for the local rotation about RD is not
well understood, but the rotations were frequently
observed between two j rods which had long axes parallel
to RD. Since the j rods gradually rotate with increasing
rolling reduction towards the rolling plane and RD, such
rotations would naturally more often occur at high rolling
reductions.

Fig. 8 shows the signs of the local lattice rotations about
TD in a RC-oriented grain at a thickness reduction of 10%.
The matrix orientations visualized in the figure reveal that
two types of rotation branches exist. Clockwise rotations
are observed on one diagonal line at the precipitate (indi-
cated by B and D in Fig. 8) and anticlockwise rotations
occur on the other diagonal line in regions A and C. Such
rotation branches with a change in sign (i.e. in rotation
sense) were in all grains observed regardless of the matrix
orientation without any exception. Local lattice rotations
at particles similar to the present case were reported in a
metastable {0 1 1}h1 0 0i orientation in a face-centered
cubic (fcc) crystal under plane-strain deformation [31].
They were explained in terms of a “slip shadowing” model
in which the presence of a particle prevents the activation
of a certain slip system.

Fig. 9 illustrates the model in which the active slip sys-
tems S1 and S2 are restricted by the particle under exter-
nally imposed plane-strain loading. In regions such as A
and C, slip on slip system S1 will be suppressed by the par-
ticle. Slip on system S2 will cause a clockwise crystal rota-
tion. An anticlockwise rotation, in contrast, will occur in
regions B and D due to the restriction of slip on the S2 sys-
tem. The resulting rotation branches, however, do not
agree with the ones observed in the present study (compare
Figs. 9 and 8).

3.4. Kinematic interpretation of the orientation dependence

of local lattice rotations at precipitates

The high stability of RC grains under plane-strain defor-
mation is due to the symmetric kinematics of the active slip
systems, i.e. two sets of geometrically compatible
{1 1 2}h1 1 1i and/or {1 1 0}h1 1 1i slip systems prevail
during deformation [3,4,9,10]. The crystallographic lattice
spin resulting from the skew-symmetric contribution of
these equally stressed systems is in the RC orientation bal-

RC
{100} 011< >

γ-fibre
ND//{111}

Fig. 4. Change with rolling reduction in the fraction of locally misoriented
areas with respect to the average matrix orientations. The misorientation
angles are divided into the three ranges: 15–30�, 30–45� and 45–60�. RC:
45� rotated cube orientation.
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anced out so that the net reorientation is practically zero
[3].

The presence of a second-phase particle within the RC
grain interior matrix, however, changes the plane-strain
deformation field into a shear state in its vicinity [28,35].
This change in the local boundary conditions leads to the
activation of slip system combinations with a non-vanish-
ing skew-symmetric portion of the velocity gradient. This
effect results in a lattice rotation, i.e. an orientation that
is stable under plane-strain deformation can be rendered
highly unstable when exposed to a (local) shear deforma-
tion state [37].

3.5. Crystal plasticity finite-element simulations of the lattice

rotation around a spherical inclusion

In order to obtain a more quantitative estimate of the
reorientation or instability tendency of the particle-affected
regions in the different grains we conducted crystal plastic-
ity finite-element simulations. Only a few simulation stud-
ies of the heterogeneous deformation of a crystalline
matrix containing a hard particle have been carried out

to date that take into account the crystallographic nature
of the deforming matrix. Out of these, the majority was
conducted on metals with fcc structure, mainly on Al
[35,38,39].

The present simulations were carried out using an elast-
oviscoplastic crystal plasticity formulation implemented as
the hypela2 subroutine of the commercial finite-element
system MSC/Marc that was used to solve the non-linear
boundary value problem. While the precipitates in the
studied material assumed rod-shaped geometries, the
finite-element discretization and subsequent deformation
simulations were performed for the case of a spherical
inclusion to derive more general and symmetric insights
of lattice rotation effects at particles in bcc structures.
The particle was modeled by a sphere inside a cube. The
matrix phase was discretized into 5376 linear hexahedral
elements by a structured mesh approach (Fig. 10).

The particle was assigned purely elastic behavior with a
Young’s modulus of 60 GPa and a Poisson ratio of 0.44,
and its diameter was chosen to be 10% of the model side
length. This diameter of the inclusion led to a much lower
volume fraction of the particle in comparison to the exper-

Fig. 5. EBSD GROD maps obtained from the samples warm-rolled to reductions of 10% (a–c) and 25% (d), showing the morphology of locally
misoriented areas and orientation gradients at j precipitates in RC-oriented grains (a and b) and c-fiber-oriented grains (c and d).

S. Kobayashi et al. / Acta Materialia 58 (2010) 6672–6684 6677
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imental situation. The interaction of densely spaced parti-
cles is of some importance in the experiments, but this
effect lies beyond the scope of the current simulations. In
addition, the experimental examples that we chose to com-
pare the predictions with did not show pronounced particle
interaction effects.

An overview of the crystal plasticity finite-element
method (CPFEM), including the used phenomenological
model [40], has recently been given by Roters et al. [41];
hence, a basic introduction into the method is omitted here.
The elasto-viscoplastic single-crystal constitutive law used
here derives from the model presented by Kalidindi et al.
[40] and the simplified constitutive law is given by:

_ca ¼ _c0

sa

sa
crit

����
����
1=m

signðsaÞ; and

_sa
crit ¼

X
b

h0 1� sb
crit

ss

( )a

j _cbj

with the crystallographic shear rate, _c, and the critical re-
solved shear stress, scrit, on slip systems a or b. The relevant
parameters that govern the initial strength and the harden-
ing, Dsa

crit, of the individual slip systems are the initial crit-
ical shear strength, s0, the saturation shear strength, ss, a

Fig. 6. Accumulated misorientation profiles relative to matrix orienta-
tions along the lines 1–6 in Fig. 5. The starting points of the profiles
correspond to the numbered dots in Fig. 5. The values of the maximum
orientation gradients in degree/lm are indicated at each profile.

Fig. 7. The axes of local rotations at j precipitates observed in each sample rolled to a reduction of (a and f) 10%, (b and g) 25%, (c and h) 40%, (d and i)
50% and (e and j) 60% in (a–e) RC grains and (f–j) c-fiber grains. The axes are stereographically projected on quarter circles based on the material
coordinate taking into account rolled sample (orthotropic) symmetry.

Fig. 8. An EBSD IPF map showing the signs of the local lattice rotations
at j precipitates in a RC grain by schematic unit cells of bcc structure in
the sample warm-rolled to a reduction of 10%.
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factor h0, which is influencing the initial self-hardening
slope, and a parameter, a, which governs the shape of the
self-hardening curve (a was kept constant at a value of
2.5 for all simulations). In addition, the reference shear
rate, _c, and the power-law exponent, 1/m, were kept con-
stant at 0.001 s�1 and 20, respectively.

For the slip systems of the B2 structure 12 {1 1 0}h1 1 1i
and 12 {1 1 2}h1 1 1i systems were included. Identical ini-
tial slip resistances and self-hardening behavior were
assumed for both types of slip. No difference between the
strength of the self-hardening and the latent hardening
was assumed. Three different matrix orientations were used
in the simulations, namely the 45�-ND–rotated cube (RC)
and two orientations from the c-fiber (Table 2).

Different modifications of the plane-strain boundary
conditions have been applied: periodic displacement
boundary conditions were used on the surface but lead to
slightly decreased numerical stability of the finite-element
solver when compared to the more rigid flat face boundary
conditions. However, the resulting deformation around the
particle was virtually unaffected by the choice between

these two types of boundary conditions. Therefore, the flat
face boundary conditions were applied to all simulations
discussed here. Plane-strain deformation was imposed to
a maximum height reduction of 60%, corresponding to a
true compressive strain of 0.92. Because of the high mesh
distortion around the particle at large deformation, the fur-
ther evaluation was performed only for strains up to 30%
rolling reduction in order to avoid mesh-related
misinterpretations.

For all matrix orientations, regions of misoriented mate-
rial developed around the inclusion with increasing simu-
lated rolling reduction. Fig. 11 gives the lattice rotation
away from the initially assigned orientations in the unde-
formed state. The morphology of the zones of higher lattice
rotations were in qualitative agreement with previous 2-D
studies on fcc material [38,39]: the lattice rotation is con-
centrated in inclined zones of misoriented material that
originate very close to the particle surface and protrude
into the matrix. Also, a significant rigid body rotation of
the particle was observed for the (1 1 1)[�1 �1 2] matrix
orientation (Fig. 11b). The rotation sense was negative
around the TD-axis and the rotation angle was approxi-
mately 10� at 30% simulated rolling reduction.

The extension of the rotation zones away from the par-
ticle surface was observed to be highly sensitive against the
chosen hardening parameters. Parameters representing a
low work-hardening behavior (ss = 12s0; h0 = 4s0;
a = 2.5) led to strong confinement of the deformation
zones close to the particle surface; in addition, some coun-
ter-rotation, i.e. rotation of the crystal lattice in the oppo-
site sense, was observed along the radial direction away
from the particle. If higher hardening was assumed
(ss = 10s0; h0 = 20s0; a = 2.5), the rotation sense stabilized
and better agreement with the experimentally measured lat-
tice rotations was observed.

For the RC matrix orientation, remote from the particle,
two non-coplanar {1 1 2}h1 1 1i slip systems out of the 24
systems were highly active, as discussed in Section 3.4.
For both c-fiber orientations at least three slip systems
were significantly activated in the bulk grain. Activation
of additional slip systems in the vicinity of the particle
was observed for all three matrix orientations.

Fig. 12 compares the experimental and simulated (1 1 1)
pole figures at different levels of rolling reduction for all
three matrix orientations. Some differences between the
analyzed rolling reductions in the experiments (10% and
25%) and between experiments and simulations (40% and
30%) are present but we believe that these have a negligible
effect on the validity of our conclusions. For the RC-ori-

P

RD
ND

A

B C

D

Fig. 9. Schematic illustrations showing local lattice rotations around a
particle by slip shadowing model [31]. The arrows depict the original shear
directions on the primary slip systems.

Fig. 10. The structured finite-element mesh containing a spherical particle
at the center. The matrix is discretized into 5376 hexahedral elements of
which only one-eighth is shown.

Table 2
The three matrix orientations prescribed in the CPFEM simulations.

Orientation ND–RD Bunge Euler
angles (u1, U, u2) (�)

Rotated cube (RC) (0 0 1)[1 �1 0] (0, 0, 45)
Gamma fiber I (1 1 1)[�1 �1 2] (90, 54.74, 45)
Gamma fiber II (1 1 1)[0 �1 1] (60, 54.74, 45)

S. Kobayashi et al. / Acta Materialia 58 (2010) 6672–6684 6679
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ented matrix, the experimentally measured TD-rotation
was correctly predicted by the simulations. TD-rotations
prevailed up to 30% rolling reduction in the simulations
while more randomly oriented additional axes were
observed in the experiments. For the two c-fiber orienta-
tions, random orientation axes were predicted by the FE
simulations, which is in qualitative agreement with the
experiments. In summary, considerable orientation spread
was predicted with increasing rolling reductions for all
three matrix orientations.

Additionally, deformation of the three matrix orienta-
tions was simulated without a particle by assigning the
bcc constitutive law to the entire volume. The resulting
(1 1 1) pole figures at 30% rolling reduction are superim-

posed as red data points in Fig. 12(j–l). Very small orienta-
tion spread in comparison to the simulations with particle
was predicted in all cases. In addition, no significant bulk
rotation of the homogeneous RC matrix was observed, in
agreement with earlier studies [3]. In contrast, a bulk rota-
tion of 5� and 7� was simulated for the homogeneous
h1 1 2i and h0 1 1i c-fiber orientations, respectively. Identi-
cal bulk rotations were found in the simulations with par-
ticle. In the experiments, any net rotation in the bulk could
not be analyzed because only the orientations in the
deformed state were measured and the initial orientations
remained unknown.

Fig. 13 shows the simulated lattice rotation around the
TD-axis for the RC matrix orientation after 30% rolling
reduction. As for this orientation the lattice rotation is
almost exclusively taking place around TD, the result is
similar to Fig. 11a showing the total lattice rotation,
though with additional presentation of the rotation sense.
Four large deformation zones and four small deformation
zones are formed around the particle in the simulations.
The zones exhibit rotation angles of up to around 15�
and correspond to those observed in the experiments (cf.
to Fig. 8). The sense of local lattice rotations in the defor-
mation zones of the RC matrix simulation shows reason-
able agreement with the experimental findings.

The lattice rotation away from the initially assigned ori-
entation is readily available from the CPFEM simulations.
Nevertheless, for comparison with the experimentally mea-
sured EBSD data, the predicted orientation data should
also be presented as GROD maps. It is important to keep
in mind the difference between the GROD visualization of
in-grain orientation deviations and the rotation away from
the initially assigned orientation. The two analysis methods
will give similar results only if no net rotation of the bulk
occurs. This is approximately the case for the RC matrix
orientation. However, for the c-fiber orientations a bulk
rotation of a few degrees away from the starting orienta-
tions was observed in the simulations, as mentioned above.
Therefore, to analyze the GROD in the same way as for the
experimental data, 2-D slices of the simulation results were
exported to the TSL-OIM software format to generate
GROD maps. As reference orientations the average orien-
tation of the slices through the central RD–ND plane were
chosen. The results for the three matrix orientations at 10%
and 30% simulated rolling reduction are shown in Fig. 14.
The GROD reaches maximum values of just below 10� at
10% simulated rolling reduction for all matrix orientations.
At 30% rolling reduction the simulations show the highest
GROD of about 17� for the h1 1 2i c-fiber. The RC matrix
is predicted to rotate away from the mean orientation by
about 12.5–15� whereas the h0 1 1i c-fiber barely exceeds
GROD values of 12.5�. The simulation results are not fully
consistent with the experimental findings. Possible reasons
for the discrepancies are discussed in the next section.

In the CPFEM simulations the maximum accumulated
crystallographic shear, i.e. the sum of the shear contribu-
tions on all slip systems, was observed on both sides of

Fig. 11. Lattice rotation away from the initial orientation at 30%
simulated rolling reduction. In the case of a matrix with h1 1 2i c-fiber
orientation a rotation of about 10� of the spherical particle is observed.
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the particle along the RD and ND directions. These zones
of high slip activity deform predominantly in a uniaxial
manner, namely in compression along the ND direction

above and below the particle, and by horizontal elonga-
tion on both sides of the particle along the RD direc-
tion. Between these zones, shear regions ensure material

Fig. 12. Comparison of experimental (1 1 1) pole figures (a–f) and corresponding CPFEM predictions (g–l) at low (a–c, g–i) and high (d–f, j–l) amounts of
rolling reduction. The experimental pole figures were obtained from 150 � 150 lm2 areas inside large grains. For the simulated pole figures a random
selection of 2000 discrete orientations is plotted. These orientations are not occupying the same volume of material but instead represent integration points
of the finite-element mesh. In subfigures (j–l) the simulated texture evolution for an identical finite-element model for which the constitutive behavior was
prescribed homogeneously (i.e. only matrix material without inclusion) is also shown by slightly larger red marks. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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continuity. Thus, the locations of the maximum unsigned
values of the global RD–ND shear-strain component were
observed in good agreement with the locations of the shear
zones proposed above (Fig. 9), 45� away from the horizon-
tal and vertical axes.

3.6. Discussion of the simulation results

In the simulations, the values of lattice rotations are
averaged over the volume of the integration points of the
finite elements. For the simulated problem, with the exper-
imentally measured very high orientation gradients, the
limited spatial resolution of the CPFEM mesh used
becomes obvious. Hence, a fully quantitative treatment of
the orientation gradients would require a much higher
mesh resolution which is not possible at the moment owing
to computational constraints.

Fig. 13. Simulated lattice rotation about the TD-axis for a RC-oriented
matrix at 30% rolling reduction. The inset magnifies the zones of
maximum rotation depicted by one lattice cube per finite element.

Fig. 14. Grain Reference Orientation Deviation (GROD) maps after 10% and 30% simulated rolling reduction. The colors correspond to the legend of
Fig. 8 but scaled to one-half in terms of the corresponding rotation angles. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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The predicted GROD is of comparable magnitude and
area fractions for all matrix orientations after 30% simu-
lated rolling reduction. Several arguments could explain
this deviation from the experimental findings where only
limited lattice rotations occurred for the case of a c-fiber
matrix. One possible reason is that the chosen constitutive
description might not capture the true non-linear hardening
behavior of the material at the later stages of deformation.
The work-hardening behavior for the high-temperature
deformation conditions of the experiments might not have
been represented accurately enough by the constitutive
model because a considerable amount of dynamic recovery
is assumed for the matrix material during, and especially in
between, the warm rolling passes. Recovery mechanisms are
not, however, included in the phenomenological material
law used in the current simulations.

A second possible reason for the discrepancies between
experiments and simulations might be that the local mate-
rial model employed here might not be sufficiently accurate
in a more fundamental sense because it does not take into
account the additional hardening contributions from dislo-
cation debris that might accumulate around the particle
because of the impenetrable particle–matrix interface.

A third and quite important reason for the observed
deviations is that the particle morphology can affect the
formation of lattice rotations. The observed particle rota-
tion for the case of a {1 1 1}h1 1 2i matrix is probably
not possible for the rod-shaped j precipitates. Therefore,
the particle shape could limit the lattice rotation around
particles for matrix orientations close to {1 1 1}h1 1 2i in
the experiments. Consequently, the simulation would over-
estimate the orientation gradients around the particle for
the h1 1 2i c-fiber matrix as it assumes a spherical shapes.

More detailed experimental and theoretical studies are
necessary to finally decide which of these explanations is
most plausible. A further observation from the CPFEM
simulations might be helpful for future experiments: the
computational results suggest that the experimentally per-
formed analysis, based on sample cross-sections of the
RD–ND planes, reveals the maximum effects of the lattice
rotations for the matrix orientations RC and {1 1 1}h1 1 2i.
In the case of a {1 1 1}h0 1 1i matrix, cross-sectioning in
the TD–ND plane was predicted to reveal the most active
lattice rotation zones as also supported by the work of
Konrad et al. [23].

4. Summary

Local lattice rotations and in-grain orientation gradients
at j precipitates in matrix grains with orientations near the
45� rotated cube {0 0 1}h1 1 0i (RC) and the c-fiber com-
ponents {1 1 1}h1 1 2i were investigated in a Fe3Al alloy
warm-rolled to reductions of between 10% and 60%. Cor-
responding CPFEM simulations on the idealized case of
a spherical inclusion embedded in a bcc matrix assisted in
the evaluation of the experimental data. The main results
are:

(1) Near-RC-oriented grains showed larger local lattice
rotations at precipitates than c-fiber grains. CPFEM
simulation did not fully capture this behavior and
possible reasons for the discrepancies were discussed.

(2) In RC-oriented grains local lattice rotations could be
described by a near-TD-rotation relative to the origi-
nal grain orientation particularly at low reductions,
and additional rotation components about the RD
occurred at higher reductions. These findings were
in good agreement with the corresponding CPFEM
simulations.

(3) In the c-fiber grains the axes of the local lattice rota-
tions were scattered between TD and RD. Absence of
a predominant rotation axis in the case of c-fiber was
also observed in the CPFEM simulations.
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