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Evolution of texture during cross rolling and subsequent annealing was studied in high-purity
nickel. For this purpose nickel samples were subjected to multipass cross rolling up to 90 pct
reduction in thickness followed by annealing at different temperatures ranging between 673 K
and 1073 K (400 �C and 800 �C). Cross rolling was carried out by rotating the samples about
the normal direction (ND) by 90 deg interchanging the rolling direction and transverse direction
(TD) between each consecutive pass. The development of microstructure and texture was
characterized using X-ray and electron backscattered diffraction (EBSD) techniques. The
deformation texture was characterized by the presence of strong brass ({110}h112i) and ND-
rotated brass ({011}h211313i)) orientations. Upon annealing at 673 K (400 �C), ND||[111] fiber
could be observed in the microtexture which originated from the twin formation of the
recrystallized TD-rotated cube ({027}h072i) grains. The fiber was weakened after annealing at
1073 K (800 �C) because of the decreased propensity for twin formation, and the microtexture
was found to be weak and diffused. EBSD studies on early recrystallization stages indicated the
absence of preferential nucleation of cube grains being in agreement with a weak cube texture
formation in annealed cross-rolled high-purity nickel.
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I. INTRODUCTION

DEFORMATION processing of materials by cold
rolling is usually accompanied by the development of
characteristic microstructure and crystallographic tex-
ture, which in turn influences the development of
recrystallization texture during subsequent annealing.[1]

In high-to-medium stacking fault energy face-centered-
cubic (fcc) materials, the cold-rolling texture is described
by pure metal- or copper-type texture characterized by
the presence of strong Cu ({112}h111i), S ({123}h634i),
and brass (BS, {110}h112i) orientations. In contrast, the
low stacking fault energy materials are found to develop
alloy- or brass-type texture where the BS orientation
becomes the dominant texture component, while the S
or Cu components are diminished in strength.[2,3] With
increasing stacking fault energy, a gradual transition of

texture from pure metal- or copper-type texture to
prominent alloy- or brass-type texture is observed.[3,4]

The development of texture in fcc metals may also be
conveniently described by the intensity distribution
along two incomplete fibers: a fiber which runs from
the Goss orientation ({110}h001i), to the BS orientation
({110}h112i); and the b-fiber which extends from the
Cu orientation to the BS orientation through the
S-orientation.
However, the processing parameters, such as change

in strain path,[5,6] difference in roll velocities such as in
asymmetric rolling,[7] and rolling temperature,[8] can
affect the development of texture, and a deviation
from the above simplistic description of texture for-
mation is observed. Among several processing param-
eters the strain path change during cold rolling is
found to significantly affect the evolution of deforma-
tion texture.[5,6] The strain path change during cold
rolling can be implemented by adopting the cross-
rolling procedure in which the sample is rotated about
the normal direction (90 deg) between the consecutive
passes so that the rolling and transverse direction (RD
and TD, respectively) are mutually interchanged in
each pass.[5]

Cross rolling is found to affect the microstructure and
texture formation during deformation processing and
annealing to a significant extent, which has been
extensively studied in various aluminum and copper
alloys.[9–13] In contrast, the cross-rolling texture of
nickel has been studied only to a limited extent. It has
recently been observed by Gurao et al.[13] that cross-
rolled high-purity nickel develops a cold rolling texture
dominated by BS and ND rotated-BS components.
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Interestingly, sharp cube texture formation is not
observed in heavily cross-rolled and annealed materials,
although, more cube-oriented regions could be observed
in the deformed microstructure.[11,12,14] This is in stark
contrast to the recrystallization texture of heavily
straight-rolled medium-to-high stacking fault energy
fcc materials where strong cube texture formation is
widely reported.[1,15] Such differences in the formation of
recrystallization texture in cross-rolled materials have
been discussed in the context of pertinent theories of
formation of recrystallization texture, namely, oriented
nucleation and oriented growth.[11] Other models have
also been proposed more recently to account for
the origin of recrystallization texture of cross-rolled
copper.[14]

In the current study, we report the evolution of
texture during heavy cross rolling and subsequent
annealing of high-purity nickel which has been studied
to a very limited extent, although, the texture evolution
after uniaxial/straight rolling and annealing has been
extensively studied because of the possible use of highly
cube-textured nickel and nickel-based alloys for use as
coated superconductor substrates.[16,17] It is envisaged
that the understanding of texture development during
cross rolling and annealing nickel will be also helpful to
understand the origin of cross-rolling texture in other
fcc materials.

II. EXPERIMENTAL METHODS

A. Material Processing

In the current study, as-received Ni slab (~99.7 pct)
having dimensions ~160 mmL 9 60 mmW 9 10 mmT

were deformed up to 50 pct reduction in thickness by
multipass cold rolling followed by annealing at 823 K
(550 �C) for 1 hour in a salt bath furnace. The temper-
ature and time for annealing were chosen to achieve a
weaker starting recrystallization texture and in addition
relatively small recrystallized grain size. These fully
recrystallized materials were used as the starting mate-
rials for further processing by multipass cross cold
rolling (CCR). The fully recrystallized material was
deformed up to ~90 pct reduction in thickness in steps
of ~20, 40, 65, and 90 pct reductions using the multipass
CCR processing route. Each deformation stage was
reached in a single pass, and the RD and TD were
interchanged between consecutive passes resulting in
two straight and two transverse passes. Finally, the
90 pct CCR-processed sheets were subjected to isochro-
nal annealing treatment for 1 hour in a salt bath furnace
maintained at 673 K and 1073 K (400 �C and 800 �C),
respectively. In order to study the early stages of
recrystallization, a few specimens were annealed at
623 K (350 �C) for 10 seconds in the salt bath furnace.

B. Characterization

The microstructure and texture of the 20 pct (low
strain), 65 pct (medium strain), and 90 pct (heavily
strained) deformed materials were characterized at

different length scales using X-ray and electron back-
scattered diffraction (X-ray diffraction (XRD) and
EBSD, respectively) techniques. The bulk texture
analysis of the samples was done using XRD tech-
nique in a Panalytical MRD system using Cu-Ka

radiation (1.54 Å). Four incomplete pole figures {200},
{220}, {111}, and {311} were measured, and the
orientation distribution function (ODF) was calculated
using the MTM–FHM software developed at KU
Leuven, Belgium.[18] The samples for bulk texture
measurement by XRD were prepared by mechanical
polishing using colloidal silica. The microstructure and
microtexture of the deformed materials were charac-
terized by fully automated EBSD system attached to a
scanning electron microscope (SEM) equipped with
field emission gun (FEI, Quanta 3D FEG). The TSL-
OIM� microtexture analysis software was used for the
analysis of the microtexture data. The samples for
microtexture measurement were prepared by careful
mechanical polishing followed by electro-polishing at
room temperature using a mixture of acetic and
perchloric acids (10:1 ratio by volume) as electrolyte.
A cut-off angle of 15 deg around the respective ideal
locations was used for calculating the volume fractions
of different texture components.

III. RESULTS

Figure 1 shows the grain boundary (GB) map fully
recrystallized microstructure of the starting material
used for the CCR processing. The high (HAGBs with

Fig. 1—GB map showing microstructure of the starting material for
CCR processing.
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misorientation angle h > 15 deg) and low (LAGBs
defined by 2 deg £ h £ 15 deg) angle, and R3 annealing
twin boundaries have been highlighted in black, light
blue, and red lines, respectively, in the GB map (this
color convention for different grain boundaries are
followed throughout this article). The average grain size
in the recrystallized condition is ~36 lm. The texture of
the material in this condition is found to be rather weak.

Figure 2 shows the gradual development of micro-
structure and texture with the increasing strain during
cross rolling of the experimental materials. The micro-
structure after 20 pct deformation (Figure 2(a)) resem-
bles the starting recrystallized microstructure, but inside
the starting recrystallized grains, LAGB network could
be clearly observed indicating the development of
typical cell structure. The orientation map (Figure 2(b))
and the (111) pole figure (PF) (Figure 2(c)) indicate that
the texture in this condition is rather weak. The
microstructure (Figure 2(d)) following cross rolling to
65 pct reduction in thickness appears as a mixture of
regions having deformed, coarse-banded structure elon-
gated along the RD, and regions having rather frag-
mented structure. The orientation map (Figure 2(e))
shows the presence of fragmented and isolated S

(highlighted in yellow), BS (highlighted in green), cube
component (denoted by C; {001}h100i; highlighted in
blue), and RD-rotated cube (denoted by CRD;
{013}h100i; highlighted in purple)-oriented regions.
Random fraction is found to be quite high in this
condition. The orientation map together with the (111)
PF (Figure 2(f)) reveals rather weak deformation
texture present in this condition.
Figure 3 shows the bulk texture of 90 pct deformed

material obtained by XRD. A comparison of the (111)
PF (Figure 3(a)) with the ideal (111) PF (Figure 3(b))
clearly shows that strong intensity is present around the
BS location indicating the development of a strong BS

texture in this deformed condition. This is further
corroborated from the u2 = 0 deg section of the ODF
(Figure 3(c)) which shows strong intensity maxima close
to the ideal BS location ((u1, u, and u2) = (35.3, 45, and
0 deg)). Further analysis shows that the local intensity
maxima associated with the BS orientation is slightly
shifted along the u1 axis from the ideal BS orientation
and located at (u1, u, and u2) = (41.3, 45, and 0 deg)
which correspond to an ND-rotated BS orientation
(BS

ND) denoted by (01 1) [21 13 13] having a misorien-
tation of ~6 deg around [101] axis.

Fig. 2—(a) through (c) are the GB map, orientation map, and (111) PF of the 20 pct deformed materials. (d) through (f) are the GB map, orien-
tation map, and (111) PF for the 65 pct cross-rolled material.
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Figure 4 shows the microstructure and microtexture
of the 90 pct deformed material obtained from two
different regions using EBSD. Figure 4(a) shows the
image quality (IQ) map of a region of interest which
shows some interesting features of the deformed mate-
rial. Very thin, long, and intersecting shear bands
(indicated by the arrow marks) inclined to the RD by
~26 to 30 deg could be observed. Another interesting
feature observed in the IQ map is the appearance of an
intense, locally sheared region (shown enclosed by the
broken circle) with decidedly much finer microstructure
than the bulk which also possibly shows a shear vortex.
The corresponding orientation map (Figure 4(b))
reveals the presence of C (blue), CRD (purple), and

TD-rotated cube (denoted by CTD; 027f gh072i; aqua)
orientations in this locally sheared region. In contrast,
away from this sheared region, the microtexture is
dominated mainly by the BS (green, ~8.2 pct) and BsND

(pale green; ~14.4 pct), and S component. The (111) PF
(Figure 4(c)) also reveals the strong presence of the BS

component. Since the volume fraction of the BsND

component is more than the Bs component, this results
in the shift of the intensity maxima toward the BS

ND

location which is clearly evidenced from the u2 = 0 deg
section of the ODF (Figure 4(d)).
Figures 4(e) and (f) show the GB and orientation

maps, respectively, obtained from another region in the
90 pct deformed material. The maps reveal a rather

Fig. 3—(a) the (111) PF of 90 pct cross-rolled nickel and (b) the ideal locations of typical deformation texture components in a (111) PF. (c) the
ODF.
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lamellar structure subdivided by HAGBs along the ND
typical of heavily deformed fcc materials. The orienta-
tion map clearly shows the presence of very strong BS

(green, ~30.4 pct) and BS
ND (pale green, ~16.2 pct)

components which are also clearly observed from the
(111) PF (Figure 4(g)). As the BS component is stronger
than the BS

ND component in this region, the local
intensity maxima as a result are found closer to the ideal
BS location as were also observed in the u2 = 0 deg
section of the ODF (Figure 4(h)).

Figure 5 shows the microstructure and texture devel-
opment in the 90 pct deformed material following
annealing at 673 K (400 �C) for 1 hour. Very interest-
ingly, the (111) PF (Figure 5(a)) of the 673 K (400 �C)-
annealed specimen shows the development of a
ND||h111i fiber texture. The development of such an
unusual ND fiber texture is clearly understood from the
u2 = 45 deg section of the ODF (Figure 5(b)) where
the ideal h111i fiber is shown in dotted line along with
the locations of several ideal orientations on this fiber
using different symbols. However, the intensity distri-
bution along the fiber is not uniform, and local intensity
maxima are located at (u1, u, and u2) = (0, 55, and
45 deg) corresponding to the orientation 111ð Þ½110�
(shown by square) and (u1, u, and u2) = (23, 49, and

45 deg) (shown by the inverted triangle symbol) corre-
sponding to the orientation 445ð Þ½13238�.
The quantitative analysis of the texture development

in the annealed condition could be done from the
corresponding orientation map shown in Figure 5(c).
The presence of the fiber orientations observed from the
PF and the ODF analyses is amply corroborated from
the orientation map (Figure 5(c)). The volume fractions
of the two ND||[111] fiber orientations 111ð Þ½110� (dark
yellow) and 445ð Þ½13238� (pink) are found to be ~12 and
9.4 pct, respectively. The volume fraction of the C
component is quite small (~1.7 pct), but the presence of
the CTD (aqua) component is noticed having a volume
fraction of ~6.2 pct. Remarkably, the grains with the
fiber orientation 445ð Þ½13238� are mostly found adjacent
to the CTD orientation separated by the R3 annealing
twin boundaries (highlighted by red lines) which have
been highlighted by broken circles for clarity. This
indicates that 445ð Þ½13238� oriented originates from the
twin formation of the CTD and henceforth denoted as
CTD
T (i.e., twin of the CTD). The CTD

T grain shown by the
block arrow has the same orientation as the two small
twin grains in the adjacent parent CTD grain shown by
thin arrow. The volume fraction of the dominant
deformation texture components such as BS (green;

Fig. 4—(a) through (d) are IQ map, orientation map, (111) PF, and u2 = 0 deg section of the ODF of 90 pct cross-rolled material; (e) through
(h) are the GB map, orientations map, (111) PF, and u2 = 0 deg section of the ODF obtained from another region of the same material. The
color codes for the orientations are the same as in Fig. 2 except for the BS

ND orientation shown in this figure.
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~3.5 pct) and BS
ND (light green; 1.9 pct) are significantly

diminished in strength in this annealed condition.
Figure 6 shows the microstructure and texture devel-

opment upon high-temperature annealing treatment at
1073 K (800 �C) for 1 hour. The orientation map of
1073 K (800 �C) (Figure 6(a)) shows the presence of the
few large CTD-oriented regions (aqua), and the volume
fraction, although it increases in comparison with the
673 K (400 �C), still is rather low ~12 pct. The presence
of the CTD orientation is corroborated from the corre-
sponding (111) PF (Figure 6(b)) and u2 = 0 deg section
of the ODF (Figure 6(c)). The fiber observed in the
673 K (400 �C)-annealed specimen becomes weaker
which may be clearly understood by comparing the
intensities of the contours of around the central location
of (111) PF of the 1073 K (800 �C) (Figure 6(b)) and
the u2 = 45 deg section (Figure 6(c)) with those of the
673 K (400 �C) specimen (Figures 5(a) and (b)). The
two fiber orientations observed in the 673 K (400 �C)-
annealed specimen, i.e., 111ð Þ½110� and 445ð Þ½13238� are
lower in strength after annealing at 1073 K (800 �C),
and their volume fractions are found to be ~2.0 and
6 pct, respectively.

Figures 7(a) and (b) show the grain boundary char-
acter distribution (GBCD) and coincidence site lattice
(CSL) boundary distribution, respectively, in the two
annealed conditions. Nearly four hundred recrystallized
grains have been analyzed to obtain the presented data.
The LAGB fraction remains almost similar in the two
annealed conditions. However, the 673 K (400 �C)-

annealed specimen shows much higher CSL fraction
(~0.57) and lower HAGB fraction (~0.40) as compared
with the 1073 K (800 �C)-annealed specimen where the
CSL and HAGB fractions are found to be 0.49 and 0.47,
respectively. The CSL distribution (Figure 7(b)) in both
the annealed conditions clearly indicates that most of
the CSL boundaries have R3 character. The fraction of
R3 boundaries is decidedly larger in the 673 K (400 �C)
(~0.47)-annealed specimen as compared with the 1073 K
(800 �C) (~0.42)-annealed specimen.
The volume fractions of different texture components

in deformed and annealed conditions are summarized in
Table I for the easy and clear understanding of the
discussion that follows.

IV. DISCUSSION

A. Evolution of Deformation Texture

The straight rolling texture of pure nickel can be
adequately described by the gradual evolution of a
strong b fiber texture which is characterized by usually
strong Cu, S, and BS components.[2] In contrast, in the
studied case, the deformation texture during CCR
processing gradually strengthens with the increasing
thickness reduction and is characterized by the strong BS

and BS
ND orientations in heavily deformed condition. It

might be noted that such strong BS and rotated brass
texture due to CCR processing has also been reported
previously in nickel, copper, and copper alloys.[13,14,19]

The origin of deformation texture during deformation
processing has been discussed from the view point of

Fig. 5—(a) (111) PF, (b) ODF, and (c) orientation map of nickel
after 90 pct cross rolling and annealing at 673 K (400 �C). The color
codes for the orientations are the same as in Figs. 2 and 4 except for
the orientations shown separately in this map.

Fig. 6—(a) Orientation map, (b) (111) PF and (c) u2 = 0 deg and
u2 = 45 deg section of the ODF of nickel after 90 pct cross rolling
and annealing at 1073 K (800 �C). The color codes for the orienta-
tions are the same as in Figs. 2 through 5.
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stability of different orientations in terms of the rotation

field _Rð _u1; _u; _u2Þ and the divergence of the rotation

field div _R ¼ @ _u1

@u1
þ @ _u

@uþ
@ _u2

@u2

� �
.[20,21] The stability condi-

tions are then given by _R ¼ 0 and div _R
� �
¼ 0: The

theoretical calculations of Hong et al.[14] predict that

among different texture components, the {011}h111i
(which is basically ND rotated BS orientation) would be

stable under cross rolling because of its higher inverse
rotation rate and large negative divergence. The grains
with orientations along the a-fiber will rotate to the Bs
orientation (stable orientation during unidirectional
rolling and then will further rotate away to the

{011}h111i orientation when the direction of rolling is
changed by 90 deg around the ND, thus, oscillating

between the BS and rotated brass orientation {011}h111i
which would be the two stable end orientations in CCR.
These theoretical calculations agree well with their
experimental results which show strong {011}h755i
orientation as the main component of deformation
texture and spread around these orientations because of
the oscillation between the two predicted stable end
orientations. In the present case, the strongest texture
components as observed both from microtexture and
bulk texture measurements are the BS and BS

ND orien-

tation (01 1) [21 13 13] which is in fact very close to the
orientation {011}h755i. The current experimental results
thus agree quite well with the theoretical and experi-
mental observations of Hong et al.
Previous investigations on CCR-processed materials

have shown the development of cube orientation as a
minor texture component alongside the major compo-
nent.[11,12,14] Although development of cube texture is
ruled out in the present case from the microtexture and
bulk texture results, isolated cube-oriented regions in
form of thin bands are clearly observed in the vicinity of
locally sheared region in the EBSD map with charac-
teristic spread around RD and TD. Evidently, the
volume fraction of the cube component is rather small,
and as a result, it is not immediately apparent in the PFs
and ODFs.

B. Evolution of Recrystallization Texture

Although the deformed material showed thin cube-
oriented regions, in the recrystallization texture cube
component appears rather weak. Instead, the develop-
ment of a ND||h111i fiber microtexture after annealing
is observed after low-temperature annealing but after
high-temperature annealing at 1073 K (800 �C) this
texture is weakened. It may be noted this behavior is in
contrast with the usual recrystallization texture of
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Fig. 7—(a) GBCD and (b) CSL distribution of 90 pct cross-rolled
and annealed nickel.

Table I. Volume Fractions of the Texture Components in Different Cross-Rolled and Annealed Materials

Sample

Texture Components (Volume Percent)

Cube Cu S BS G BS
ND CRD CTD

ND||[111] Fiber

CTD
T 111ð Þh110i

Deformed
20 pct 0.4 3.2 9.3 6.5 2.2 — 5.7 — — —
65 pct 4.5 0.8 11.3 3.8
90 pct
Locally sheared region 1.5 3.9 24.6 8.2 1.0 14.4 8.1 5.2 — —
Lamellar region 0.5 7.6 15.2 30.4 1.1 16.2 1.8 0.9 — —

90 pct deformed and
annealed
673 K (400 �C) 1.7 5.7 6.4 3.5 1.2 1.9 4.1 6.2 12 9.4
1073 K (800 �C) 1.1 12.3 6.2 1.5 1.9 1.7 8.9 12.2 6.0 2.0
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heavily cold rolled Ni where strong cube texture
formation has been almost universally reported and
the origin of such a sharp recrystallization texture has
been discussed in terms of the two pertinent theories of
formation of cube texture, namely, oriented nucleation
and oriented growth depending up on the relative
importance of the nucleation and growth stage on the
formation of recrystallization texture.[1,15]

The origin of the ND||[111] fiber texture can be
understood by the spatial distribution of the
(445)[13238] in the microtexture map (Figure 5(c))
which shows that this component is found frequently
adjacent to the TD oriented cube grains (027)[072]
separated by R3 annealing twin boundaries. This indi-
cates that the origin of this orientation is the twin
formation of the parent TD-oriented grains.

The propensity for annealing twin formation during
recrystallization may be related to the growth stagnation.
The growth stagnation may happen when the growing
recrystallized grains are separated from the deformed
matrix by low misorientation boundaries which has been
demonstrated by in situ experiments.[22] Occurrence of
twin formation becomes favorable because twin forma-
tion can reorient the parent grains to alter the local
misorientation so that growth can continue. The situa-
tion might be understood from the orientation map in
Figure 5(c). The CTD

T grain shown by block arrow has
the same orientation as the two small twin grains in the
adjacent parent CTD grain. After the in situ EBSD
observations of Field et al.[22], it appears that the CTD

T

grain might have nucleated from the boundary of the
parent CTD grain because of the growth stagnation, and
with progressing recrystallization, it has eventually
become independent of the parent CTD and thus finally
appears as an independent grain in the microstructure.

To further elucidate this fact, the orientation map
obtained after short-time annealing treatment (10 sec-
onds at 623 K (350 �C)) is presented in Figure 8. The
annealing temperature (623 K (350 �C)) and time
(10 seconds) for partially recrystallized condition was
established by trial and error method to yield only a few
recrystallized grains. The recrystallized grains could be
observed clearly in still-deformed matrix (masked in
black) in Figure 8. The distribution of orientation is
rather diverse but the presence of the CTD grains are
noticed along with recrystallized grains of other orien-
tations. The early recrystallized CTD grains are already
found to be separated from its twin orientation CTD

T by
R3 boundaries an example of which is shown by the
arrow mark. It appears to be quite logical that this
twinned grains grow independent of the parent grains
finally giving rise to the observed ND||[111] fiber in the
microtexture. It may be noted that the microtexture
results of 673 K (400 �C)-annealed CCR-processed
nickel bear resemblance to the recrystallization texture
of cross-rolled copper which consists of a weak cube
component and twin of the cube component as has been
reported by Öztürk.[12] Of course, in the studied case,
rather than cube-oriented grains mostly CTD and twin of
this orientation are observed.

The weakening of this microtexture in high-temper-
ature annealing appears to be also in agreement with the

decreased propensity for twin formation as clearly
evidenced in the comparative GBCD plots of 673 K-
and 1073 K (400 �C and 800 �C)-annealed conditions
which shows significant decrease in the CSL fraction in
the 1073 K (800 �C)-annealed condition because of the
decrease in the R3 annealing twin boundary fraction
(Figure 7). The current results are in good agreement
with those of Field et al.[22] who observed that higher
twin densities develop at lower annealing temperatures
on the formation of annealing twins during recrystalli-
zation of Cu. It has been proposed that at higher
annealing temperatures, the growth of the grains should
be less dependent on twin formation as the thermal
energy should be adequate to meet the required driving
force. Thus, the newly recrystallized grains can grow free
of hindrance. Support for this observation is obtained
from the presence of large twin-free CTD-oriented grains
(shown by arrow marks) in the orientation map of
1073 K (800 �C)-annealed specimen (Figure 6(a)).
While the CTD

T component originates from the twin
formation of the recrystallized CTD grains, no such
definitive relations could be found for the (111)[1–10]

component from the orientation map of the 673 K
(400 �C)-annealed specimen (Figure 5(c)) which indi-
cates that this texture component might have originated
from the usual nucleation and growth process during
annealing. During high-temperature annealing, this
component could possibly be consumed because of the

Fig. 8—Orientation map of 90 pct cross-rolled nickel after annealing
at 623 K (350 �C) for 10 s showing recrystallized grains in still-
deformed matrix (masked black). The color codes for the orienta-
tions are the same as in Figs. 2 through 5.
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growth of grains of other orientations contributing to
the observed weakening of the ND||[111] fiber texture.

The failure to observe the formation of strong cube
texture in recrystallized cross-rolled Ni remains inter-
esting from the mechanistic point of view. Merlini and
Beck[11] have explained the absence of cube texture in
cross-rolled copper through the oriented growth model
and discarded the role of oriented nucleation because
cube regions exist in the deformed structure, but strong
cube texture formation is not observed up on annealing.
Strong preferential nucleation of near cube-oriented
grains is not observed in the current study as well.
However, the absence of preferential nucleation of cube
grains leading to the absence of a strong final cube
texture may be interpreted as a support to the oriented
nucleation theory but in a negative sense. It is to be kept
in view that internal structure of the cube bands and
local misorientation environment are far more impor-
tant factors than the mere presence of large cube-
oriented regions in deformed microstructures as shown
recently by one of the present authors.[23] The preferen-
tial nucleation of cube grains is aided by the already
recovered structure of the cube grains because of the
special arrangement of gliding dislocations with orthog-
onal burgers vector.[24] The substructure destabilization
during cross rolling can affect the attainment of a
recovered structure in near cube-oriented regions so
crucial for early nucleation. Indirect evidence for this
could be obtained from the IQ distribution map
(Figure 9(b)) of the region surrounding the cube band
of Figure 4(b), cropped and reproduced in Figure 9(a),
which gives an indirect estimate of the distribution of
stored energy. It may be clearly observed that the CTD-

oriented regions (aqua) has much higher IQ than
adjacent near C oriented regions (blue) indicating more
recovered structure of the former. Incidentally, more
CTD-oriented grains are actually observed in the
annealed materials as already discussed. Further, the
cube-oriented regions are also observed at the vicinity of
the locally sheared regions which can also play an
important role because of their adverse impact on the
nucleation and growth of cube grains.[24,25] While the
internal structure and misorientation environment
appear as important factors, the current experimental
results are not sufficient to fully understand the reasons
for inhibition of nucleation of cube grains in heavily
cross-rolled and annealed nickel. More direct studies are
therefore felt necessary. Further transmission electron
microscopy (TEM)-based investigations are necessary to
study in detail the internal structure of the cube regions
and local misorientation environment in cross-rolled
nickel to clarify these issues.

V. CONCLUSIONS

The following major conclusions may be drawn from
the current study:

1) The texture of heavily deformed cross-rolled nickel
is characterized by the strong presence of BS and
BS
ND components, which agrees well with the theo-

retical predictions.
2) The microtexture after low-temperature annealing

at 673 K (400 �C) shows a ND||[111] fiber. The
strongest orientation of the fiber, (445)[13238] is
thought to originate from the twin formation of the
TD-rotated cube component (027)h072i. This is also
confirmed from the EBSD studies on early stages of
recrystallization.

3) The twin formation is favored during low-tempera-
ture annealing supposedly because the reorientation
due to twin formation can assist in overcoming the
growth stagnation.

4) After high-temperature annealing at 1073 K (800 �C),
the ND||[111] fiber is weakened. This agrees well with
decreased twin-formation activity at higher annealing
temperatures. The annealing texture at 1073 K
(800 �C) is also found weak and rather diffused.

5) Preferential nucleation of near cube grains is not ob-
served at early stages of recrystallization in cross-
rolled nickel resulting in the formation of a weak
cube texture. The internal structure and local misori-
entation environment of cube regions in cross-rolled
nickel appear to be important factors for this behav-
ior, but need to be investigated further in detail.
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