Particle Stimulated Nucleation in Coarse-Grained Ferritic
Stainless Steel
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Particle-stimulated nucleation (PSN) is investigated in Nb-containing ferritic stainless steel.
Coarse-grained sheets were cold rolled to 80 pct thickness reduction and annealed from 973 K
to 998 K (700 °C to 725 °C) to obtain partially recrystallized microstructures. Electron back-
scatter diffraction was performed around coarse niobium carbonitride particles (larger than
1 um) within coarse grains (~1 mm), with different host orientations in both deformed and
annealed states. In the deformed state, the deformation zones around both spherical and
rectangular particles were investigated. The local lattice rotations about the transverse direction
necessary to accommodate the particle-matrix strain incompatibility were observed in all grains
investigated. After annealing, recrystallization occurs preferentially around coarse particles at
the initial stages of recrystallization. Based on a total number of 130 grains nucleated via PSN,
we observe both, randomly oriented and minor {111}(110) oriented texture components. The
results also reveal that PSN in this material is not associated with a specific host orientation.
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I. INTRODUCTION

IT is well known that dispersed non-deformable
particles affect both deformed and recrystallized micro-
structures of several relevant industrial materials such as
steels and aluminum alloys.!' > The term “non-deform-
able” means that particles are elastically stiff and much
harder than matrix acting as obstacles to dislocation
motion. Dislocations are able to bypass these particles
and the nature of the dislocation structure developed
around non-deformable particles is almost independent
of particle mechanical properties.) Remarkable
changes in the microstructure and crystallographic
texture were reported to depend mainly on particle
dispersion parameters such as particle volume fraction,
size, shape, and interparticle spacing.”’ During large
strain deformation of materials containing coarse par-
ticles, i.e., with sizes larger than 0.1 ,urn,[S] non-deform-
able particles can induce a high degree of local lattice
curvature in their vicinity due to the particle-matrix
strain incompatibility and, consequently, more complex
dislocation structures are formed.®* These regions are
in the literature referred to as deformation zones.’
During subsequent annealing, such particle-related
deformation zones are favorable nucleation sites for
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primary recrystallization and this mechanism is, hence,
referred to as particle-stimulated nucleation (PSN).")

Most of the literature on the nature of deformation
zones is focused on particle-containing face-centered
cubic (fcc) materials.>'%'® Several works in fec parti-
cle-containing polycrystalline alloys have shown that
new grains that nucleated around particles are randomly
oriented."""'"21 Starting from single-crystal materials,
the orientations of the new grains were found to be
related to the host orientation of the deformed crystal in
which the inhomogeneous deformation zone was
formed.'*> 2 Recent investigations regarding the effects
of non-deformable particles on the nature of the
deformation zone were also performed in intermetallic
materials such as Fes;Al alloys with B2 ordered struc-
ture.l'>?>2"1 A new approach referred to 3D high-
resolution EBSD has been used to characterize defor-
mation zones in Ni®*** and Fe;Al-based alloys.!*”!

In spite of the great industrial importance of carbon
and ferritic stainless steels (FSS), PSN mechanism is
much less investigated in body-centered cubic (bcc)
materials. The effect of spherical cementite particles on
the nature of the deformation zone has been studied by
Gawne and Higgins®” in a cold-rolled Fe-0.4 pct C alloy.
They found that, although the particle size was only
0.6 um, large misorientations formed in the deformation
zones and PSN occurred in these areas randomizing the
recrystallization texture. Similar results were also re-
ported by Dillamore ez a/.*" in heavily compressed Fe-C
alloys. Regarding corresponding phenomena associated
with more complex particle morphologies, Inagaki
investigated the effect of lamellar cementite on the
development of the cold-rolling texture using transmis-
sion electron microscopy (TEM).?! In his work complex
deformation zones were observed around the fragmented
cementite particles. It was found that the spread of
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orientations around cementite particles during deforma-
tion lead to a decrease in the strength of the rolling
texture.

In the present work, we investigate PSN in Nb-
containing 16 wt pct Cr FSS (AISI 430; 1.4016;
X6Cr17). This steel has %ood corrosion resistance and
good cold formability.** ! An important technological
reason for studying PSN effects in FSS is that these
materials commonly reveal ridging and roping phenom-
ena during stretching and related forming opera-
tions.®**”) The surface undulations have been shown
to be related to the frequently occurring large non-
recrystallized {001} (110)-oriented grain clusters that are
often inherited from the hot band through cold rolling
and incomplete recrystallization into the final sheets.
PSN is hence anticipated to promote more homoge-
neous recrystallization of these materials and the break-
up of these texture components. The fully ferritic
microstructure contains coarse dispersed Nb-rich parti-
cles.’>) Various types of Nb-rich precipitates such as
Nb(C,N), Fe,Nb and Fe;Nbs;C were reported in Nb-
containing FSS, depending on their respective compo-
sitions and aging conditions. According to experimental
data (X-ray diffraction) and thermodynamic calcula-
tions reported in the literature, only Nb(C,N) particles
are expected to be found in the FSS used in the present
investigation.*®°! During cold rolling, the microstruc-
tural subdivision varies from grain to grain, as reported
earlier to take place in other coarse-grained bcc mate-
rials.*%*! This orientation split-up effect was individu-
ally investigated within coarse grains. The orientation
gradients were determined in terms of crystal lattice
rotations in the vicinity of the particles (deformation
zones) within large grains with different initial host
orientations with aid of automated electron backscatter
diffraction (EBSD) in the scanning electron microscope.
After annealing, the texture components associated with
PSN grains were also evaluated.

II. EXPERIMENTAL

The 4-mm thick Nb-containing FSS hot bands with a
composition of 16.22 pct Cr, 0.37 pct Nb, 0.02 pct C,
0.02 pct N, 0.15 pct Mn, 0.30 pct Si, 0.03 pct P (in wt
pct) were supplied by Aperam S.A. (Brazil). Specimens
were annealed in argon atmosphere at 1523 K (1250 °C)
for 2 hours followed by air cooling to obtain large
grains (mm-range) which are suitable to investigate
orientation effects during deformation and further static
annealing. A detailed description of the microstructure
and texture of the coarse-grained Nb-containing FSS
used in this work is given elsewhere.*” The volume
fraction of niobium carbonitride particles was found to
be less than 0.01.3! After hot band annealing, these
specimens were cold rolled (near plane strain condition)
resulting in a sheet of 0.8 mm thickness (80 pct
engineering thickness reduction, true strain & = 1.6)
and annealed in argon atmosphere at temperatures
varying from 973 K to 998 K (700 °C to 725 °C) for
15 minutes in order to achieve a partially recrystal-
lized microstructure appropriate to study the PSN
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mechanism. Microtextural characterization was carried
out in the longitudinal plane using EBSD. The metallo-
graphic preparation was carried out with 800, 1200 and
2400 grit SiC abrasive papers with water followed by fine
grinding with 3-ym diamond suspension. The final
polishing step was performed with a colloidal silica
suspension. The orientation maps were performed in a
JEOL JSM-6500F field emission gun scanning electron
microscope (FEG-SEM) operating at 15 kV. A map step
size of 50 nm was used. EBSD data were evaluated using
the EDAX-TSL software package and displayed using
inverse pole figure (IPF) maps. The non-indexed black
areas indicated in the IPF maps appear at the locations
of coarse Nb(C,N) particles which do not produce an
electron diffraction pattern. The black and white lines
mark high-angle (>15 deg misorientation) and low-angle
boundaries (<15 deg misorientation), respectively, in all
IPF maps. The {011} pole figures and [001] IPFs were
determined via discrete-binning from the EBSD data.

III. RESULTS AND DISCUSSION
A. Deformed State

The cold-rolled microtextures for distinct large grains
were characterized by EBSD using IPF maps (Figures 1,
2, 3,4, 5, and 6). Different regions in the microstructure
surrounding coarse Nb(C,N) particles were marked and
respective crystal lattice rotations are shown in the
discrete {011} pole figures. The orientation maps of two
different grains with orientations close to 45 deg ND-
rotated cube are shown in Figures 1 and 2, respectively.
These grains were chosen because they have very stable
orientations belonging to the « fiber (the a-fiber refers to
all orientations with a common (110) axis along the
rolling direction RD). The IPF maps show in detail the
presence of deformation zones around coarse Nb(C,N)
particles. In the first IPF map, a spherical coarse particle
located in the center of the 45 deg ND-rotated-cube
grain can be observed (Figure 1(a)). The regions 1 and 2
around the particle display a few low angle grain
boundaries. The orientation distribution in regions 1
and 2 (Figures 1(c) through (d)) is quite similar to the
matrix orientation (particle-free regions, Figure 1(b)).
However, in region 3, the crystal rotates about the TD
reaching an orientation close to (111)[112], as shown in
Figure 1(e). This deformation zone around the particle
lies parallel to the RD. The misorientation between the
matrix in region 1 and the deformation zone in region 3
is about 45 deg. In the second IPF map, a cluster of
coarse particles is located close to the grain boundary
region (Figure 2(a)). Three regions belonging to 45 deg
ND-rotated-cube grain (1 to 3) were marked in the IPF
map (Figure 2(a)). The deformation zones are also
elongated in the RD, as shown in region 3. The {011}
pole figures corresponding to regions 1, 2 and 3,
respectively, show that these regions exhibit different
orientations (Figures 2(b) through (d)). The results have
shown that this deformation zone also rotates about the
TD towards to the orientation (111)[213] (rounded by
up to 10 deg misorientation from these ideal texture
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Fig. 1—EBSD results showing the deformation heterogeneity nucleated around a spherical particle (black in the map) in the center of a 45 deg
rotated-cube large grain: (a) IPF map; (b) {011} pole figure of the large grain; (¢) through (e) {011} pole figures corresponding to the regions I,
2, and 3, respectively.
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Fig. 2—EBSD results showing the deformation heterogeneity nucleated around a cluster of particles (black in the map) in the grain boundary
region of a 45 deg rotated-cube large grain: (a) IPF map; (b) through (d) {011} pole figures corresponding to the regions 1, 2, and, 3, respectively.
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Fig. 3—EBSD results showing four distinct deformation zones around a coarse particle (black in the map) within a (001)[210] large grain: (a)
IPF map; (b) {011} pole figure of the particle-free matrix and (c¢) through (f) {011} pole figures corresponding to the regions 1, 2, 3 and 4,

respectively.

components). In Figure 3(a), the deformation zone in a
large grain with orientation (001){210] (Figure 3(b)) can
be observed. In this case, the presence of a single coarse
particle induced local lattice rotations in the deforma-
tion zone (regions 1 to 4, as shown in Figure 3(a)). Their
orientations are displayed in the pole figures in
Figures 3(c) through (f). The results reveal that these
regions are rotated about the TD. The misorientation
angles in regions 2, 3 and 4 (end point) with respect to
region 1 (point of origin) are 35, 41 and 45 deg,
respectively. Deviations from TD were observed
(>15 deg about the ND) for region 2, whereas regions
3 and 4 rotate only about the TD.

Coarse grains belonging to the y fiber were also
mapped. The y fiber refers to all grains with a common
(111) axis parallel to the sheet normal. Figure 4(a)
shows a (111)[123]-oriented grain where deformation
zones around three coarse particles are observed. The
matrix (region 1) is quite fragmented with several low
angle boundaries (white lines). This fragmentation is in
line with theoretical predictions of grain stability of
{111} (uvw) oriented crystals.*" In the deformation
zones (regions 2 and 3), high angle boundaries (black
lines) are visible indicating a large degree of fragmen-
tation. The orientation of the regions adjacent to the
particle rotates significantly about the TD towards an
end orientation close to (001)[110] (Figures 4(c) and
(d)). The misorientation angles in regions 2 and 3 (end
points) with respect to the region 1 (point of origin) are
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55 and 47 deg, respectively. In Figure 5 it is possible to
observe the same local lattice rotation about the TD
occurring in the corner of a coarse cuboidal particle
within a (322)[011]-oriented grain. The orientation in the
rotated region is close to (110)[112]. The deformation
zone around another particle with elongated morphol-
ogy within the same host grain shown in Figure 5 was
also investigated. The lattice rotation about the TD is
clearly visible in the corners of the particle (Figure 6).
Table I summarizes the main results of the EBSD
characterization where point-to-origin rotations were
determined starting from more remote regions of the
deformed matrix (about 10 ym far away from particles)
to areas within the deformation zone.

The aforementioned results clearly show that the local
lattice rotation about the TD in the deformation zone
occurs in all investigated matrix orientations (both, in o-
and y-fiber grains). In all cases the particle size is larger
than 1 um. These results suggest that particle size is not
the predominant effect for this size range (about 1 to
5 um). Further lattice rotations about the ND or the
RD (deviations from the TD) were not frequently
observed. Many preceding studies have reported rota-
tions about the TD in the deformation
zones.-1112:15:16231 The Jocal lattice rotation is neces-
sary to accommodate the particle-matrix strain incom-
patibility under global plane-strain conditions. A
detailed discussion about the thermodynamics of the
lattice rotation around non-deformable particles is
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Fig. 4—EBSD results showing the distinct deformation zones around three particles (black in the map) within a y-fiber large grain: (a) IPF map;
(b) through (d) {011} pole figures corresponding to the regions 1, 2, and 3 respectively.
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Fig. 5—EBSD results showing the deformation zone around a rectangular particle (black in the map): (a) IPF map; (b) {011} pole figure of the
particle-free matrix and (c¢) {011} pole figure corresponding to the corner of the large particle (indicating by arrow).
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Fig. 6—EBSD results showing the deformation zone around an elongated particle (black in the map): («) IPF map; (b) {011} pole figure of the
particle-free matrix and (c¢) pole figure corresponding to the corner of the large particle (indicating by arrow).

Table I. Point-To-Origin Rotations Corresponding to the
Grains Shown in Figs. 1, 2, 3, 4, 5, and 6

Maximum
Deformed Deformation Misorientation
Figure Matrix Zone (Degrees)
1 (001)[110] (111)[112] ~45
2 (001)[110] (111)[213] ~55
3 (001)[210] (365)[559] ~45
4 (111)[123] (001)[110] ~55
5 (322)[011] (110)[112] ~30
6 (322)[011] (101)[121] ~30

presented by Schifer er al'® In their finite element
model (FEM) model, it is assumed that the sum of the
energies of the geometrically necessary dislocations
(GNDs) and the Taylor energy for plastic deformation
needs to be minimized to define the required local
amount of relaxation and local slip activity. The
microtexture within the deformation zone developed
around spherical and cuboidal particles was modeled in
detail by means of a Taylor type deformation texture
model using strain path data from finite element
predictions for a global plain strain compression
path.l'?! Recently, Kobayashi er all'¥ reported that
the presence of non-deformable particles within the
45 deg ND-rotated-cube orientation changes the plane-
strain deformation field promoting a favorable condi-
tion for shear at the vicinity of the particle. This new
deformation mode leads to the activation of slip system
combinations resulting in the local lattice rotation about
the TD.

The results also show that depending on the shape of
the particles (e.g., spherical or rectangular), different
misorientation build up takes place around the particle
during deformation (see Figures 1 and 5). Our results
are in reasonable agreement with simulations of the
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strain path around non-deformable particles with
different shapes reported by Schifer er al!'"? Com-
puter-based simulations also showed that particle shape
has a strong effect on both the number and the spatial
distribution of potential recrystallization nuclei in the
deformation zone.[*”! The simulations have also shown
that the deformation zone developed around spherical
particles extends significantly along to the forward
direction of the deformation (flow material direction; in
rolling processes equivalent to the RD) rather than into
the perpendicular directions (ND and TD). This
feature is clearly visible in Figure 1. The maximum
equivalent plastic strain was found about 45 deg to the
forward direction in the particle-matrix interface.
Regarding particles with a rectangular shape, the
maximum equivalent plastic strain is observed around
the corners of the particle. These regions experience
high total strains that lead to large local lattice
rotations in the deformation zone. Similar results like
those shown in Figures 5 and 6 were also observed in
Fe;Al alloys. In this case, large local lattice rotations
are preferentially found at the tips of elongated rod-
like x-FesAlIC precipitates in grains with a 45 deg ND-
rotated-cube host orientation. The maximum local
misorientation angles between the particle-affected
zones on the one hand and the more remote in-grain
zones on the other reach values as large as 45-60°.1'37]
Therefore, our results confirm that the particle shape
seems to affect the misorientation build up in the
deformation zone.

B. Annealed State

The occurrence of PSN mechanism at the early stages
of recrystallization is shown in Figures 7 and 8. The
color code used in the IPF maps is associated with the
orientations shown in both the pole figures and the IPFs
(Figures 9 and 10). The deformed matrix corresponding
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to a coarse 45 deg rotated-cube-oriented grain is pre-
dominantly recovered. However PSN grains are clearly
observed (dash-square) in Figure 7. It is well-known
that coarse grains with 45 deg ND-rotated-cube orien-
tation in bee metals commonly deform homogeneously
during cold rolling (near plane-strain condition) devel-
oping a structureless microstructure and potential
recrystallization nuclei generally are absent even after
long recrystallization annealing.*****”] Nevertheless,

Fig. 7—IPF map showing recrystallized grains (dash square) nucle-
ated preferentially around particles (black in the map) in a 45 deg
rotated-cube large grain cold rolled and further annealed at 998 K
(725 °C) for 15 min.

the presence of non-deformable particles in this other-
wise very stable crystal orientation leads to the devel-
opment of large local lattice rotations in the
deformation zone. As discussed above, shear occurs
around particles instead of the globally imposed near
plane-strain condition. This deviation from the plane-
strain boundary conditions leads to the development of
local orientation instabilities. After annealing, these
highly-misoriented regions act as favorable nucleation
sites for recrystallization even in this otherwise stable
host orientation.

The individual orientations of about 60 individual
grains that were formed via the PSN mechanism in a
coarse grain belonging to the a-fiber was determined as
shown in Figure 9(b). The orientation spread observed
in the corresponding {011} pole figure suggests that
grains formed by PSN are randomly oriented. This is a
time-consuming experiment since large areas have to be
mapped due to the large interparticle spacing found in
this steel (50 to 100 um). ~

In another coarse host grain with (112)[110] orienta-
tion (Figure 8), three distinct regions showing PSN
grains were mapped. In this large host grain, recrystal-
lization was incomplete and the new recrystallized grains
can also be explained in terms of the PSN mechanism.
The crystallographic orientations of about 70 grains
formed via the PSN mechanism were determined as
shown in Figure 10(b). Regarding the orientation
spread observed in the {011} pole figure, the PSN grains
are also randomly oriented, such as observed for the
a-fiber host grain discussed above. It is worth mentioning

Fig. 8—IPF maps (a) through (¢) showing recrystallized grains nucleated preferentially around particles (black in the map) in a (112)[110] large

grain cold rolled and further annealed at 988 K (715 °C) for 15 min.
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Fig. 9—The {011} pole figures and [001] IPFs of the partially recrys-
tallized microstructure displayed in the IPF map in Fig. 7:
(a) through (c¢) matrix large grain (recovery region); (b) through (d)
PSN grains.

that in both cases a small portion of the PSN-formed
grains has orientations close to those of the respective
deformed host matrix surrounding them, as shown in
Figures 9(c) and (d) and 10(c) and (d). Based on the
limited number of PSN grains investigated (about 130
PSN grains), it is not possible neither including nor
excluding the presence of the {111}(110) component in
an unequivocally manner.

The relationship between the deformation zones and
the orientations of the nuclei formed in the PSN-
affected region has been investigated before in particle-
containing fcc structured alloys. Several authors re-
ported that the PSN nuclei orientations have similar
crystallographic orientations to those observed inside
the deformation zones of AI'%?# and Nil'® single
crystals. According to these results, however, the PSN
nuclei seem to be randomly oriented in polycrystalline
metals because of the orientation spread developed
around particles increasing the number of potential
recrystallization nuclei. Our results show indeed that
different orientations appear in the annealed material
due to the PSN mechanism. Therefore, the new grains
formed via the PSN mechanism are efficient in mini-
mizing the ridging and roping phenomena during
stretching and related forming operations in FSS. Their
inherent orientation spread is large enough to de-
stabilize specifically the a-fiber grains. Since particularly
the large 45 deg ND-rotated-cube grains form clusters
that usually display only partial recrystallization, the
new grains that are formed via PSN contribute to a
change in the global texture and particularly in the
clustering of such orientations. PSN hence promotes
grain refinement, texture randomization, and the reduc-
tion in texture clustering in this steels. On the other
hand, in the {111} y-fiber grains, the grains nucleated
via PSN can contribute to an increase in the random
texture components so that the y-fiber texture tends to
be less intense.
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Fig. 10—The {011} pole figures and [001] IPFs of the partially
recrystallized microstructure displayed in all IPF maps in Fig. 8:
(a) through (¢) matrix large grain (recovery region); (b) through
(d) PSN grains.

Regarding bcc metals, the results in the literature
suggest that randomly oriented grains nucleated via PSN
appear after recrystallization annealing in deformed
polycrystals.?>?% Tnagaki reported the development of
complex microstructures around to fragmented cement-
ite particles in low-carbon steels after cold rolling.!”
During annealing of theses steels with different amounts
of carbon, the influence of PSN on the recrystallization
kinetics, especially at low annecaling temperatures was
investigated. It is reported that PSN-grains resulting
from slow heating of deformed samples leads to oriented
growth of the {111}(110) components.**! As a result,
randomly oriented grains should nucleate from inside
the deformation zones suppressing the development of a
strong {111} y-fiber texture. The results reported by
Gawne and Higgins*” using spherical cementite parti-
cles in steels also sul?Port this statement. In a recent
paper, De Cock et al* reported the effect of the PSN
nuclei in the static recrystallization of the cold-rolled
low-carbon steels. According to the authors, the orien-
tation of the recrystallized PSN grains contributes to an
increase in the random texture component. They also
confirm that the y-fiber texture was less intense in such
cases.

To a certain extent, the coarse-grained material
investigated herein has characteristics of both single
crystals and polycrystalline materials. Isolated particles
surrounded by large volumes of deformed material
might be compared to the scenario found in PSN in
deformed single crystals. Experiments on single crystals
show that the PSN nuclei are not randomly oriented
whereas random texture is associated with PSN grains
during recrystallization of pol]ycrystals, as summarized
by Humphreys and Hatherly."®! Based on a total number
of 130 grains nucleated via PSN mechanism within
different host grain orientations, we observe both,

METALLURGICAL AND MATERIALS TRANSACTIONS A



randomly oriented and minor {111}(110) oriented
texture components. This particular microstructure,
i.e., a low volume fraction of coarse particles embedded
in coarse grains, might explain the results of texture of
PSN grains found in our study.

IV. CONCLUSIONS

Particle stimulated nucleation (PSN) has been inves-
tigated in coarse-grained Nb-bearing FSS with aid of
EBSD. The most important findings of the present
investigation are the following:

1. Coarse non-deformable niobium carbonitride parti-
cles with sizes larger than 1 um play an important
role during the nucleation of recrystallized grains in
80 pct cold-rolled Nb-bearing FSS steel.

2. During cold deformation, the local lattice rotation
about the TD axis in the deformation zone sur-
rounding the particles seems to be necessary to
accommodate the particle-matrix strain incompati-
bility. Our results suggest that this crystal lattice
rotation about the TD does not depend on the
starting orientations.

3. The development of deformation zones around
coarse particles depends significantly on the particle
morphology. Different particle shapes, e.g., spheri-
cal or rectangular, can induce distinctly strain paths
in the vicinity of the particle during deformation.

4. After annealing, new PSN grains are found around
particles at the initial stages of recrystallization.
Based on a total number of 130 PSN grains investi-
gated, we observe both, randomly oriented and
minor {111}(110) oriented texture components.

5. The results show that PSN is an effective nucleation
mechanism for recrystallization even in otherwise
stable orientations such as the 45 deg ND rotated
cube component in bee grains.
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