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Abstract

Synergic evolution of microstructure-texture-stored energy in interstitial-free (IF) steels has been investigated to elaborate the
effect of dissolved rare-earth (RE) elements on static recrystallization. Grain size, texture fraction and geometrically necessary
dislocation distribution of IF steel samples annealed for different times were compared, suggesting that RE elements could post-
pone recrystallization nucleation but accelerate grain coarsening. The visco-plastic self-consistent model was primarily adopted
and verified, then used to calculate the relative activities of different slip systems. It was proved that the compatible deformation
of IF steels was very sensitive to dissolved RE elements, in particular the {110},<111>, slip systems became extremely inactive,
leading to an a-fibre textures rich configuration of RE-IF steels. Although both IF steels have the same stored energy sequence of
which y-fibre takes precedence in nucleation followed by a-fibre, the nucleation rates of a/y-fibres driven by the reduced stored
energy slowed down in RE-IF steels. Further nucleation-path analyses revealed that shear bands within y-fibre mainly sacrificed
for grain nucleation of {111}<110> orientation, while a-fibre especially prior grain boundaries therein preferred supplying
nucleation sites for {554}<225> grains, which accounting for the competitive growth of y-fibre textures in RE-IF steels rather
than being dominated by a single orientation. After grain growth, the major texture of Normal-IF steels had been transferred
to {554}<225> from {111}<110>, while {554} <225> in RE-IF steels still inherited the orientation advantage and grew up
rapidly, thus inducing the grain coarsening. As this work offers a significant understanding of RE microalloying effect on static
recrystallization, it will provide references for alloy design and industrial application of IF steels.

Keywords Static recrystallization - IF steels - RE elements - Texture - Grain coarsening - Slip systems

1 Introduction

Interstitial-free (IF) steels have been widely used in automo-
tive and appliance industries due to its superior formability
without strain ageing problem, satisfying the requirements
of lightweight for parts of complicated shapes. Many inves-
tigations have been carried out to study the combined influ-
ence of microstructure and crystallographic texture on the
overall mechanical performance of IF steels, which suggests
that the heterogeneous microstructure with distinct strain-
localization can play important roles in oriented nucleation
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of various textures [1-5]. It was further proved that these
locally distorted microstructures (e.g., shear bands [3, 4],
dislocation entanglements and dislocation cells [1, 2, 6])
could provide abundant nucleation sites for grains of desir-
able <111>//ND orientations [1-3] with excellent defor-
mation resistance, while limiting the appearance of unfa-
vourable <110>//RD orientations related to planar isotropy
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deterioration [4]. Therefore, it is believed that the excellent
formability of IF steels is mainly dominated by the forma-
tion of {111}<uvw> textures, which can be introduced by
carefully designed thermomechanical processing, e.g. cold-
rolling followed by proper heat treatments.
Inhomogeneous deformation strain and stored energy
accumulated in elongated grains of cold-rolled polycrystal-
line materials can play important roles in microstructure evo-
lution, causing distinct recrystallization kinetics of annealing
process [7, 8]. The finishing temperature of intercritical roll-
ing is critical in determining dislocations pile-up and textures
configuration: the nucleation mechanism of new grains would
shift from strain-induced boundary migration at high finish-
ing temperature to subgrain coalescence at low finishing tem-
perature. The later could produce abundant textures more
favourable for drawability [9], similar to the warm rolling
executed in a lower temperature range [2]. Inspired by this,
temper rolling [10] is further used as the final manufactur-
ing procedure of IF steels, to introduce the inhomogeneous
distribution of residual strain desired for texture nucleation.
Besides rolling temperature, cold reduction can also enhance
strain gradients leading to the y-fibre intensity increase in IF
steels. Severe plastic deformation is another mechanism often
used to introduce high dislocation density, which can pro-
mote the formation of grains of nanosize to sub-micro-size
and desirable orientations after annealing [11, 12]. Further-
more, laminated IF steels [13, 14] with homogeneous layers
and lamella structures were also designed and fabricated,
showing improved uniform elongation without compromis-
ing its strength. These studies are based on the same idea of
synergic regulation that deformed microstructure as the pre-
cursor can provide more nucleation sites for the grains with
preferred textures desired for better mechanical performance.
Meanwhile, other research groups focus on adjusting
chemical composition and even steel slag systems to improve
IF steel mechanical properties. De Paepe et al. [15] found
that stoichiometric ratio [Ti*/C]>5.9 of classical Ti-IF grades
or [Ti>0.025 wt%, Nb>0.035 wt%] of co-alloyed IF steels
could achieve complete stabilization of solute carbon in
the austenitic temperature region and obtain sufficient strain
in finishing train at lower rolling temperature, contributing to
the outstanding deep drawing performance. It was also found
that lacking of carbide-forming elements, e.g. Nb, V or Ti,
would trigger the formation of Liiders bands related to surface
wrinkle in stamping process [16]. There are other elements
commonly used in IF steels: active Al elements are used to
raise steel cleanliness through deoxidation reaction and co-
addition of P, Si and Mn multi-elements can offer combined
strengthening for steel matrices, but AIN and FeTiP precipi-
tates would increase with raising Al [17] and P [18] content,
the former would promote the heat-treated microstructure
become equiaxed and homogeneous, while the latter could
deteriorate {111 }<uvw> textures and even formability.
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Recently, more studies were carried out to explore the
roles of RE elements in commercial steels [19-22]; in par-
ticular, their modification and purification effects on vari-
ous inclusions and molten steels, respectively. This approach
was adopted into manufacturing of IF steels [23], and it was
found that dissolved RE elements could affect the recrystal-
lization kinetics as well. However, these efforts were mainly
focused on the effect of RE elements on recrystallization
behaviours during hot rolling or among rolling passes, with
limited attention to their influences on static recrystalliza-
tion of cold-rolled sheets subjected to continuous anneal-
ing (CA) while minimizing the influence of microstructure
characteristics inherited from the early hot-rolling process.
Furthermore, the underlying micro-alloying effect of RE ele-
ments on microstructure evolution, texture transformation
and stored energy partition are still not clear.

The aim of this study is to clarify the mechanism of dis-
solved RE elements on static recrystallization of IF steels. IF
steel samples with and without RE elements were carefully
prepared with desired initial microstructure and texture,
mechanically rolled and then annealed for varying times to
investigate the microstructure evolution, texture transforma-
tion, stored energy partition as well as their internal rela-
tionships. Efforts were focused on the following three key
points: (i) the activation of slip systems and its response
to deformation texture formation, (ii) stored energy parti-
tion among deformation textures and the resultant nuclea-
tion sequence, and (iii) the oriented nucleation and selective
growth of recrystallization textures.

2 Experimental

IF steel samples with and without RE elements, named as
the RE-IF steel and the Normal-IF steel, respectively, were
prepared via vacuum induction melting under laboratory con-
ditions. The La—Ce mischmetal with mass ratio of around 1:2
was added into molten steels after alloying to introduce the
desired RE elements. The whole production process and heat
treatment schedule are shown in Fig. 1a, b, and the chemical
compositions of investigated IF steels are listed in Table 1.
The ingots obtained after descaling were completely aus-
tenitized at 1200 °C for 2 h to eliminate segregation, forged
into square billets of 50 mm thickness and then air-cooled
to ambient temperature. These billets were further hot-rolled
at austenitic temperature range (1100-930 °C) to obtain hot
strips of 5 mm thickness by reversing rolling mill within 7
passes. For a traditional production process (i.e., Route 1), the
hot-rolled IF steel strips after pickling would be directly cold-
rolled to reduce thickness by 80% reduction with lubrication,
followed by CA in which steel samples are heated to 860 °C
for 3 min by a rapid thermal processing (RTP-1100) furnace.
In this study, however, an additional pre-annealing process
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Fig. 1 a Complete production process for IF steels in two distinct routes, b heat treatment schedule for simulated annealing in dilatometer
Table 1 Che:mical comp ositign Steel grades C Si Mn S Ti Nb RE Fe
of the investigated IF steels (in
wt%) Normal-IF steel  0.0028 0.02 0.10 0.0021 0.062 0.046 - Bal.
RE-IF steel 0.0025 0.02 0.09 0.0009 0.063 0.046 0.0025 Bal.

was introduced to eliminate the influence of early dynamic
recrystallization. As illustrated in Route 2, these strips were
pre-annealed at 900 °C of different times for IF steels and then
quenched into water. The in-depth consideration of this pre-
annealing step was to achieve similar microstructures and tex-
tures between these two types of samples before cold-rolling.
After that, these pre-annealed strips would suffer pickling and
be further cold-rolled in exactly the same way as that in Route
1. At the final step of simulated annealing, specimens with a
dimension of 6 mmX 10 mm X 1 mm were rapidly heated to
860 °C at a constant rate of 100 °C/s and kept for different
times in a thermal dilatometer then followed by the forced-air
cooling to ambient temperature for the sake of instantaneous
recrystallization. In this study, these schedules of different
holding times assisted by forced-air cooling would be col-
lectively referred as “interrupted annealing”.

Planar dog-bone-shaped specimens with a gauge length
of 50+0.1 mm and width of 25+ 0.1 mm were sampled
from the annealed plates in directions of 0°, 45° and 90°
deviated from the rolling direction (see Route 1), respec-
tively. At least 3 pieces of each direction were stretched
to obtain the arithmetical average of plastic strain ratios

(r15¢) and then substituted into the following formula [24]
to calculate its weighted average 7:

- o + 2145 + o

4

The microstructure and texture were characterized by
a field emission scanning electron microscope (FE-SEM,
ZEISS MERLIN Compact) equipped with electron back-
scattered diffractometer (EBSD, Symmetry). The EBSD
scans were performed on the cross-section (normal direc-
tion-rolling direction plane) and mid-thickness section
(rolling direction—transverse direction plane, see Route 2).
In the reconstructed EBSD maps, grain boundaries have
been illustrated according to the misorientation angle: low-
angle grain boundaries (LAGBs, 2°-15°), middle-high-
angle gain boundaries (M-HAGBs, 15°-50°) and ultra-
high-angle grain boundaries (U-HAGBs, > 50°), arranging
in an increasing gradient of mobility driven by the lifted
interfacial energies as well as misorientation angles behind
this study [25]. Moreover, grain detection was guaranteed
with critical misorientation of 2° and distinguishable pixels
of 10 within each grain at least. After this reconstruction,
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the microstructure in EBSD maps could be further divided
into three different groups: (i) “deformed part” if the aver-
age misorientation angle within one grain exceeds the user-
defined minimum subgrain angle of 2°, (ii) “substructure
part” if some grains consist of subgrains whose internal
misorientation is under 2°, but the misorientation from
subgrain to subgrain is bigger than 2°, and (iii) “recrys-
tallized part” accounts for the remaining grains in which
no subgrains exist and the inside misorientation no more
than 2°. Meanwhile, the orientation distribution functions
(ODFs) were calculated using the harmonic series expan-
sion method with a series rank of 22 and a Gaussian half-
width of 5°; then, p2=45° sections of Euler space were
intercepted to illustrate typical orientation fibres or textures,
in which the volume fraction of these textures were calcu-
lated with the tolerance of 15°. Furthermore, transmission
electron microscopy (TEM, FEI Talos F200X) was used to
investigate the substructure morphology of thin foil samples
prepared using electrolytic double spraying (—25 °C, 40 V)
with 10% perchloric acid alcohol solution.

3 Results

In Route 1, the weighted average () of plastic strain ratio in
RE-IF steels has been improved to 2.23 from 1.93 of Normal-
IF steels, increased by 16%. This mainly attributes to the lifted
texture ratio of {111}<uvw> to {001}<110>, as collected
in Table 2. However, an unexpected phenomenon of grain
coarsening also occurred in RE-IF steels, which seems to
deviate from the consensus of RE elements assisting in grain
refinement [21]. It is necessary to clarify the relation of lifted
texture ratio and grain coarsening as well as influences of RE
therein; this is exactly the main idea of this study: confusion
of hot-rolled structure heredity had been excluded ahead of
time; then, the effect of RE elements on microstructure and
texture evolution of IF steels was to be strictly studied based
on Route 2.

3.1 Microstructure Evolution
The pre-annealed microstructures and corresponding pole fig-
ures of both IF steels are shown in Fig. 2. It is clear that the

chosen pre-annealing conditions prepared these two different

Table 2 Statistics of 7 values, texture ratio and grain sizes of IF steels
subjected to Route 1

Aspects Normal-IF steels RE-IF steels
Weighted average,r 1.93 223
Texture ratio 27 41
Annealed grain sizes 13.65 pm 16.50 pm
Hot-rolled grain sizes 7.43 pm 10.36 pm
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kinds of samples with a very similar grain size and texture dis-
tribution, which sets an important initial condition for investi-
gating the recrystallization behaviour between these two kinds
of IF steels during the following processing steps. After simu-
lated annealing, the microstructure evolution of interrupted
annealed IF steels is shown in Fig. 3, divided into nucleation
stage (0-20 s), grain growth and coarsening stage (20-690 s)
according to the holding time. At initial stage of nucleation
with 0 s holding time (see Fig. 3a,, b,), the microstructure
still retained the elongated morphology inherited from cold-
rolled states (see Fig. 3a;, b;). Owing to the inhomogeneous
strain distribution among deformation bands (DBs), only a few
grains nucleated from prior grain boundaries, and the remain-
ing regions still largely maintained banded states with higher
dislocation density. With an increase of holding time to 3 s,
more and more recrystallized grains appeared as marked by
white arrows (see Fig. 3a;, b;), sometimes even intragranular
nucleation took place. Until this stage, no obvious difference
was found between the Normal-IF steel and RE-IF steel, but
as the holding time further increased to 10 s, nucleation pro-
cess in the Normal-IF steel almost completed (see Fig. 3a,),
while traces of fragmented deformed substructures with
{001} <uvw> orientation still existed in the RE-IF steel owing
to incomplete recrystallization (see Fig. 3b,). With longer
holding time (see Fig. 3a; g, bs g), the annealed microstruc-
ture evolved into the grain growth and coarsening stage, and
started to show significant differences between these two kinds
of steels. The residual structural fragments in the RE-IF steel
were engulfed by recrystallized grains, and more {hkl}<111>
grains started to appear, while grains with {001 } <uvw> orien-
tations faded out gradually. Although those new born grains in
the Normal-IF steel might exhibit slightly bigger grain size at
the nucleation stage, grain coarsening of the RE-IF steel rap-
idly happened, and it eventually obtained much bigger grains
than that of the Normal-IF steel.

After grouping limited by the misorientation, the micro-
structure in EBSD maps had been divided into three differ-
ent groups, consisting of deformed part, substructure part
and recrystallized part, respectively. The area percentages of
these three parts at the nucleation stage (up to 20 s holding
time) are summarized in Fig. 4a, showing the proportion of
deformed grains reduced significantly and then taken over by
the recrystallized grains with increasing holding time. How-
ever, no clear trend was found in the “substructure” part,
suggesting the subgrains exist through the whole nucleation
stage. The average grain size of the top five largest grains
for different holding times at the nucleation stage is further
summarized in Fig. 4b. It is clear that the maximum grain
size and recrystallization area in the RE-IF steel are con-
sistently smaller than the Normal-IF steel; this refinement
effect that was directly related to the sluggish reshaping
behaviour of DBs preserved for the whole nucleation stage.
Therefore, it is believed that grain boundary migration and
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Fig.2 Pre-annealed microstructures of a the Normal-IF and b the RE-IF steel, ¢, d correspond to pole figures of these two microstructures,

respectively

© 200pm |
I 1

Fig.3 Microstructures of a the Normal-IF steel and b the RE-IF steel samples from a;, b, cold-rolled states to various interrupted annealed
states of different holding times: a,, b, 0 s; a3, b3 3 s; a4, by 10 s; a5, bs 50 s; ag, bg 80 s; a;, b; 90 s; ag, bg 210 s and ay, by 690 s, wherein the
microstructure evolution is divided into two major stages separated by the critical holding time of around 20 s encountering the recrystallization

fraction of more than 96%

even the dislocation rearrangement of the RE-IF steel were
significantly hindered, coming across the consensus of grain
refinement with RE addition [21, 26]. This is also consistent
with the observation in Fig. 3b,, where the RE-IF steel shows
sluggish nucleation behaviour within residual {001 } <uvw>
distorted grains. However, the grain sizes show very different
trends during grain growth and coarsening stage. Statistic in
Fig. 4c reveals that the average grain size of the RE-IF steel

was getting close to that of the Normal-IF when the hold-
ing time increased from 20 to 60 s, then abnormally became
bigger at around 65 s, and eventually became twice bigger
than the grain size of the Normal-IF steel when finishing the
interrupted annealing. The rapid grain growth in the RE-IF
steel is believed to be related to the preferential growth of
the new born grains with special orientations [9], which will
be further elaborated in the following discussion sections.
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Fig.4 Statistics of microstructural fraction and grain size of the investigated steels during static recrystallization: a area percentage of micro-
structure groups at the nucleation stage, b average grain size of top five largest grains at the nucleation stage, ¢ average grain size of fully recrys-

tallized IF steel samples during grain growth and coarsening stage

3.2 Texture Transformation

For body-centred cubic (BCC) crystals, the a-fibre tex-
tures mainly consisting of {001}<110>, {112}<110> and
{111}<110> components are normally associated with
plastic deformation as their <110> axes parallel to roll-
ing direction, while y-fibre textures primarily consisting
of {111}<110>, {111}<112> and {554}<225> compo-
nents are often found after recrystallization [3, 8, 9]. These
y textures are capable of resisting thickness thinning due to
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relatively higher elastic modulus along the <111> direction
hence less common after plastic deformation [27]. Because
there is only 5° difference between the {111}<112> and
{554} <225> orientations [9], they are both referred as
{554} <225> orientation in the following discussion unless
otherwise specified. To investigate the role of RE elements
in the texture configurations of IF steels, the ODFs of cold-
rolled and annealed samples were obtained and recon-
structed as shown in Fig. 5a—d. Although the Normal-IF
and the RE-IF steel after cold-rolling both showed deformed
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configurations with strong a-fibre and weak y-fibre, the
intensity of {001}<110> and {112}<110> components
were indeed enhanced in the RE-IF steel, in good agreement
with previous observations reported by Wang et al. [24].
After CA, a-fibre textures associated with plastic deforma-
tion almost disappeared, while the y-fibre textures became
the only dominating textures, confirming that the samples
were fully recrystallized. Moreover, the maximum intensity
of y-fibre in the RE-IF steel is about 1.5 times higher than
the Normal-IF steel, largely due to the textures inherited
from the cold-rolling state.

For the purpose of clarifying texture transformation details,
the orientation distribution function f{g) and volume fraction
Ag at different holding times were also calculated and are
plotted in Fig. 6. In analogy with aforementioned microstruc-
ture evolution, the texture transformation process was also
divided into two major stages: nucleation stage, and growth
and coarsening stage. At the initial nucleation stage, more
{112}<110> and {001}<110> components of a-fibre textures
were observed in the RE-IF steel compared with the Normal-
IF steel. As these two components both have <110> orienta-
tion direction but a rotation angle of 35°, they would often

be found adjacent after cold-rolling (see more discussions in
chapter 4.3). It was also reported that this 35°<110> misori-
entation exhibited higher boundary mobility [28], to offer the
favourable growth direction towards distorted structures [29,
30], which is believed to account for the significant reduc-
tions of both volume fraction and ODFs for {112} <110> and
{001}<110> textures during nucleation stage in this study.
The fraction profile line of {001}<110> texture also shows
slow reduction at the beginning of the nucleation stage when
holding time is less than 3 s, attributed to the alternation of
distinct nucleation rates. Compared to these a-fibre textures,
relatively low percentage of y textures were found in both Nor-
mal-IF and RE-IF steels at the nucleation stage then started
to increase as the holding time increased. It is interesting to
point out that the profile lines of y textures in the Normal-IF
steel showed a drop at early holding time, as highlighted by
dotted boxes and connected by a dash line in Fig. 6a, confirm-
ing the sequential nucleation of y-fibre textures [5]. Both the
{554}<225> and {111}<112> components of y-fibre tex-
tures increased continuously and exhibited cumulative content
advantage until coarsening stage, but the {111}<110> com-
ponent reached a peak content at around 6070 s of holding
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Fig.5 ¢2=45° ODF sections of a the cold-rolled Normal-IF steel, b the cold-rolled RE-IF steel, ¢ the fully recrystallized Normal-IF steel, d
the fully recrystallized RE-IF steel and their corresponding standard @2 =45° section with typical orientation fibres and textures of cubic system
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Fig.6 a Volume fraction Ag, b orientation distribution density f(g) of typical textures in the Normal-IF steel and the RE-IF steel, in which the

volume fraction is calculated with the tolerance of 15°

time before decreasing to almost the initial level. On account
of these observations during annealing, it is clear that the a
textures associated with deformation continued to reduce and
became almost disappeared after the annealing, instead, y-fibre
textures associated with recrystallization increased except
{111}<110>, contributing to main process of texture trans-
formation. In particular, the RE-IF steel had a much stronger
orientation advantage of {554}<225> and {111}<112> tex-
tures and maintained these textures through grain coarsening
stage. Considering these distinct transformation behaviours
within y-fibre, there might be other evolution paths to acceler-
ate the formation of {554}<225> and {111}<112> orienta-
tions, rather than the fluctuations of volume fraction or ODF
intensity throughout annealing process, like the expression of
{111}<110> texture.

@ Springer

3.3 Dislocation Distribution

During the nucleation stage, new grains primarily appeared
from the existing microstructures with high degree of dis-
order (such as prior grain boundaries and shear bands) and
then started to grow up with the cost of the residual grain
fragments inherited from the previous cold-rolling process.
The principal consideration of the driving force for this
process is focused on “stored energy” [31], often associ-
ated with lattice distortion and defects introduced by plastic
deformation. It is believed that this kind of stored energy is
mainly caused by dislocation behaviours, as other types of
lattice defects usually make minor contributions [32]. These
dislocations are further classified into geometrically neces-
sary dislocations (GNDs) and statistically stored dislocations
(SSDs), depending on whether it can accommodate lattice
curvature (related to homogeneous or non-homogeneous
deformation) [31, 33]. In view of the triaxial compressive
stress states of cold-rolled sheet and its intrinsic anisotropy,
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it is believed that non-homogeneous strain was accounted for
the compatible deformation of IF steels in this study, proved
by the uneven distribution of DBs illustrated in Fig. 3a,,
b,. Oliferuk et al. [34] also reported that almost all metal
and alloys, with the exception of single crystal or at uni-
form deformation, are plastically non-homogeneous to some
extent on account of their plastic strain gradients. Therefore,
one could assume that the contribution from SSDs to the
stored energy could be neglected, and hence, the study was
focused on the stored energy from GNDs and its influence on
the recrystallization behaviour during the annealing process.

In view of the fact that the lattice curvatures caused by
GNDs correspond to those measurable local intergranu-
lar misorientations, the GNDs density could be estimated
by reprocessing the EBSD maps, as shown in Fig. 7. The

GNDs density-frequency curves obtained from the two dif-
ferent types of IF steel samples at the cold-rolled state are
plotted in Fig. 7a, where a peak could be clearly identified
at relatively high dislocation density region; it is also found
that the whole RE-IF steel curve shifted to left as compared
with the Normal-IF steel curve (see the local enlargement
Fig. 7a,), that is, the occurrence probability of high energy
regions (HERs) R1 increased while that of ultra-HERs R2
decreased, indicating a higher dislocation density state in
the Normal-IF steel after cold-rolling. At the beginning of
annealing with O s holding time, the original broad peaks at
the relatively high dislocation density region shifted slightly
towards the left, while remaining a similar GND density gap
between the two curves (see Fig. 7b). The shifting was obvi-
ously caused by the atom rearrangement during annealing,
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and the gap indicates that the Normal-IF steel still maintained
a higher dislocation density state at this stage. It is also worth
pointing out that new peaks started to appear at low disloca-
tion density regions (LDDRs) for both the Normal-IF steel
and the RE-IF steel, corresponding to the preferential nuclea-
tion at the prior grain boundaries observed in Fig. 3a,, b,.
More details in the local enlargement in Fig. 7b; showed that
the RE-IF steel curve is shifted more towards right, indicating
more incomplete recrystallized LDDRs R4, originated from
the solute-drag effect introduced by RE elements directly or
indirectly. It is believed that whether the recrystallized nuclei
form from mismatch areas or the new born grains invade sur-
rounding substructures, the deformed microstructure evolves
from substructure to recrystallized structure through the for-
mation of subgrain boundaries (SGBs) or LAGBs originated
from dislocation rearrangement and the migration of LAGBs
towards HAGBs [35]. After thermal activation, the nuclea-
tion of distorted structure occurred rapidly, accelerating the
massive transformation from ultra-high or HERs to ultra-low
or LDDRs accompanied with sharp decrease of dislocation
density. The faster nucleation rate of the Normal-IF steel
made the stored energy quickly release and brought about
more ultra-low or LDDRs in 3-s holding time (see Fig. 7c).
As the holding time further increased, the magnitude of the
original peaks reduced significantly and almost disappeared
within 10 s holding time, while the magnitude of the new
sharp peaks increased a lot (see Fig. 7c—e). The new peaks
corresponding to the new born grains indicated that these
new grains indeed had low dislocation density. Actually,
there were still traces of residual fragmented substructures
in the RE-IF steel, suggested by the sharper curve of the Nor-
mal-IF steel than the RE-IF steel curve at LDDRs especially
for 10-s holding time (see the local enlargement Fig. 7e)),
because the added RE elements could hinder the dislocation
rearrangement during nucleation stage directly or indirectly
[6, 21] and then delay the recrystallization process.

4 Discussion

4.1 Activation of Slip Systems and Resultant
Deformation Textures

Since slip system represents the possible spatial orientation of
slipping deformation [35], it is widely accepted that the forma-
tion of a certain crystallographic orientation is the collective
result of various slip systems [36]. For a-ferrite, there exist
three different kinds of slip systems including {110} ,<111>,,
{112},,<111>, and {123},,<111>,. It was reported that
{110}4<111>, and {112},,<111> slip systems could oper-
ate together to undertake the majority of plastic deformation
for ultra-low carbon steels with BCC structure [37], but it
is not clear how these slip systems would contribute to the
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orientation evolution. Our study of IF steels would shine some
light on this issue. Although similar initial microstructures
were strictly guaranteed between the Normal-IF and the RE-IF
steel, much more deformation textures were found aggregating
to a-fibre in the RE-IF steel, so it is believed that RE elements
could affect the action sequence of the three slip systems and
change the texture configurations after plastic deformation.
However, the whole activation process of any particular slip
system and its interaction with other slip systems through
the deformation process could not be directly observed by
experiments. In view of the different feedbacks of various slip
systems towards external strain or stress, the visco-plastic self-
consistent (VPSC) model [38] was introduced to integrally
predict the reorientation, shape change of individual grains
and the resultant texture transformation associated with plastic
deforming. The simulated ODFs calculated using the VPSC
model for the Normal-IF and the RE-IF steel after plastic
deformation are shown in Fig. 8a, b. The details, including
the smooth transition of y-fibre in Normal-IF steel and the
orientation segregation of a-fibre in the RE-IF steel, were
carefully captured, agreeing well with the experimental ODFs
(see Fig. 8c, d) restructured from the EBSD maps as shown in
Fig. 3ay, by, which suggests that the adopted model parameters
including crystallographic files, boundary conditions as well
as thresholds selection are very suitable for the simulation of
slip system activation and orientation evolution in IF steels.
In Fig. 9a, b, the relative activities of the three slip sys-
tems in IF steels are calculated as a function of equivalent
plastic strain according to the verified VPSC model, and
the corresponding slip plane relationships are schematically
described as well. It is shown that {112} ,,<111>, slip sys-
tem of ferrites in the Normal-IF steel is active to support
the initial plastic deformation at 0—0.1 low strain level (see
Fig. 9a), compelling a large number of {112} slip planes
nearly parallel to the rolling plane so that the {112} <uvw>
orientations could be massively formed. Meanwhile,
{110} slip planes of partial ferrites have been rotated to
the positions with about 20° to rolling surface due to the
19.47° intersection angle between {110} and {112} crystal
planes, as shown in Fig. 9b. With increase of plastic strain,
{110}c<111>, slip system starts to reach its critical resolved
shear stress (CRSS) then becomes active as well, while the
movement of previously activated {112} ,,<111> slip sys-
tem is restrained during the strain range of 0.1-0.8. This
proportion shift of “as one falls, another rises” between the
{112} ,,<111>, and {110},<111>, slip systems made the
{110}4<111>, component become the dominant slip system
during steady-state strain of more than 0.8, which would
compel part of {112} <uvw> ferrites continues rotating to
other positions whose {110} slip planes almost have 35°
angle with rolling surface. In view of the 35.26° intersection
angle between {110} and {111} crystal planes [28], partial
{112}<uvw> orientations would turn into {111}<uvw>
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Fig.8 a, b Simulated ODFs calculated by the VPSC model, ¢, d experimental ODFs restructured from the EBSD maps of a, ¢ Normal-IF steel
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orientations after severe plastic deformation, accounting for
the deformation texture configuration with strong a-fibre and
weak y-fibre components in the Normal-IF steel.

For the RE-IF steel, {110}4<111>, and {112} ,<111>,
slip systems easily reach their CRSS at initial strain and
start to slide almost simultaneously, followed by avalanche
multiplication of {112},,<111>, and sharp reduction of
{110}¢<111>, when reaching the 0.1 plastic strain (see
Fig. 9a). After this rapid evolution, a large number of grains
with {112}<uvw> orientations appeared in the existing
microstructure where abundant {112} slip planes nearly
parallel to the rolling plane, suggesting the majority of
{110} slip planes in these {112}<uvw> grains stayed in
states with about 20° to rolling surface, while few grains
continued to rotate to the plane with around 35° to rolling
surface. As the reduction further increases, the steady state
of {112},,<111>, slip system in the RE-IF steel is reached
and stabilized until the end of cold-rolling deformation,
leading to the distinct a-fibre-rich texture in the RE-IF steel.

In view of the different slip systems start-up-sequence in
IF steels during rolling deformation, it was found that the
movement of {110}4,<111>, slip system was inhibited in the
RE-IF steel as compared with the Normal-IF steel, in which

the inhibiting effect of RE elements on {110},<111>, slip
system could be further analysed from the perspective of
interstices density on {110} slip plane. Since the difficulty
of dissolved RE characterizing in experiment, thermody-
namic calculation of phase diagram (by Thermal-Calc, see
Fig. 9¢) was accepted to deduce the existence forms of RE
elements in IF steels. In process of solidification, sulphur
elements firstly reacted with RE elements and RE-oxy-
sulfides formed [19-21], then the remaining sulphur would
be captured by titanium elements to form Ti,S,C, or meta-
stable TiS precipitations [6]; thus, it should have been more
titanium elements converting from compound states (i.e.,
Ti,S,C, and TiS) into solution states. Moreover, the added
RE elements were mainly used to modify the detrimental
inclusions, while the remaining part would dissolve in fer-
rite matrix [21]. The work hardening capacity provided by
{110}4<111>, slip systems, and their stress response to
equal strain, greatly changed in IF steels as disturbed by
dissolved Ti and RE atoms, leading to the significant alterna-
tion of stress continuity and the relative-activity refit of the
three kinds of slip systems during rolling deformation. After
strain accumulation, the activation of one or more certain
slip systems would become stable and support the different
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texture configurations within IF steels during severe plastic
deformation.

4.2 GNDs Distribution within Deformation Textures
and Associated Nucleation Sequence

During plastic deformation, the dislocation movement in
{110}<111>, slip system was inhibited in the RE-IF steel,
where much more {110} slip planes kept in states with
around 20° to rolling surface and no long rotated, result-
ing in massive formation of deformation a-fibre compo-
nents especially the {112} <uvw> textures. However, there
was not enough stored energy accumulated and allocated
in RE-modified matrix (see Fig. 7a), the nucleation rates
of deformation textures in the RE-IF steel would vary with
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that of the Normal-IF steel. With increasing holding time,
typical textures in IF steel samples were distinguished and
GNDs densities within these defined textures are collected
in Fig. 10. It is confirmed that the deformation textures in
the Normal-IF steel would always have higher stored energy
(see Fig. 10a) regardless of their volume fractions, while the
stored energy sequence of deformation textures in both IF
steels remained unchanged and still arranged in the decreas-
ing magnitude of E(ss4)<05-RE(111)<112> > E(111)<110>
> E(1123<110> > E{001}<110>» 1N accordance with oriented
nucleation sequence proposed by Nagataki and Hosoya [5].
Based on this, slight microstructure evolution assisted with
dislocation rearrangement initially occurred in severely dis-
torted areas mostly occupied by {554}<225>/{111}<112>
textures. After that, the stored energy in {554} <225> type
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textures was rapidly released and the solid-line curve of
the RE-IF steel significantly shifted to left compared to
the Normal-IF steel (see Fig. 10b), guaranteeing the faster
recovery rate and continuously increasing volume fraction
of {554}<225>/{111}<112> textures in the RE-IF steel as
described in Fig. 6a. However, the minimum volume fraction
of initial deformation {554} <225> type textures limited its
contribution to the overall recrystallization rate, and there
were not much more ultra LDDRs R3 existing in the RE-IF
steel for recrystallized {554} <225> type textures, which
suggested the incomplete recrystallization of deformed
{554} <225> type textures maybe resulted from the lower
exhausted energy because the majority of stored energy had
been used for their nucleation behaviours. Unlike the for-
mer new born {554}<225> type textures, the recrystallized

subgrains with {111}<110> orientation started to appear
as well and their nucleation rates in the Normal-IF steel
were faster than that of the RE-IF steel, it is not only due
to the higher stored energy within deformed {111}<110>
texture (see Fig. 10b), but also the higher volume fraction in
the Normal IF steel shown in Fig. 6a. Although the GNDs
existing in the deformation y-fibre textures were sensitive
to thermal activation, only slight recrystallized grains pref-
erentially nucleated from the prior grain boundaries [7],
agreeing very well with the minor recrystallization mor-
phology of DBs illustrated in Fig. 3a,, b,. Before that, there
were no significant differences of {112}<110> textures in
both IF steel samples except the shrinking magnitude gap
of their approaching stored energy curves. With increasing
holding time to 3 s (see Fig. 10c), the relative occurrence
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frequency of recrystallized {112}<110> texture in the
Normal-IF steel was about two times higher than that of
the RE-IF steel even though there were much more defor-
mation a-fibre textures existing in the RE-IF steel, which
suggested the nucleation rate instead of the initial volume
fraction became the controlling factor of texture transfor-
mation for {112}<110> component. As for {001}<110>
component, it is found that the stored energy curve of the
Normal-IF steel significantly shifted to left during heating
process, another obvious energy gap between the two IF
steel samples reappeared at isothermal stage (Fig. 10b, c)
and the deformed {001}<110> texture in the Normal-IF
steel had lower stored energy different from that at the ini-
tial state as shown in Fig. 10a. However, there were few
recrystallized grains with {001} <110> orientation existing
in both annealed Fe-matrices especially the Normal-IF steel,
as shown in local enlargement Fig. 10d, maybe caused by the
slowest nucleation rate and competitive disadvantage among
all of the deformation textures.

It is believed that dislocation rearrangement and further
microstructure degeneration easily occur at the positions
where higher deformation energy stored [3, 7], so that the
nucleation rates of major deformation textures in the Nor-
mal-IF steel were faster than that in the RE-IF steel except
{554} <225> type textures controlled by volume fraction,
ensuring much complete recrystallization behaviour of
the Normal-IF steel as shown in Fig. 3a. For RE-IF steels,
excess Ti elements in solid solution would increase the acti-
vation energy for recrystallization kinetics [39, 40], and
dissolved RE elements also tended to segregate at crystal
defects, e.g. grain boundaries and vacancies [21]. There-
fore, it is not easy for grain boundaries, especially the SGBs
and LAGBs consisted of dislocations [41], to escape from
the solute-drag effect of dissolved Ti or RE elements. The
microstructure evolution from distorted states to annealed
states was significantly inhibited in the RE-IF steel, reveal-
ing the sluggish nucleation behaviour and finer grain size
within RE-modified Fe matrix during the nucleation stage.

4.3 Texture Transformation and Corresponding
Microstructure Evolution

In Sect. 4.2, it is found that even minor differences of stored
energy partition within deformation textures could make
significant influence on grain nucleation rates, although RE
elements added into IF steels had little effects on the nuclea-
tion sequence of deformation textures. To clarify the nuclea-
tion sites and associated sequential nucleation behaviour of
different deformation textures within distorted Fe matrix,
the selected areas A and B in Fig. 3a,, b, are magnified in
Fig. 11a, b and further examined against the oriented nuclea-
tion theory. It is clear that the deformation y-fibre textures
evidenced by {111} pole figures A,_,_4 also had priority to
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recover [8] and were transformed into chain-like substruc-
tures (shear bands undergoing annealing somewhat) whose
inclination angles are around 35°-90° against rolling direc-
tion within ferrites, corresponding to the intragranular shear
bands with 25°-35° inclination angles along rolling direc-
tion within RD-ND plane [28, 42], as shown in Fig. 11c. To
distinguish this new born chain-like substructure from its
precursor, shear bands in the cold-rolled Normal-IF sheet
were further characterized by TEM and are displayed in
Fig. 11d. The TEM micrograph shows that the deformation
shear bands separated with subgrain boundaries were com-
posed of a series of approximately parallel microbands with
spacing of around 200-400 nm, in which the selected area
electron diffractions (SAED) pattern of area F crossing two
microbands did not split, indicating that crystallographic ori-
entations of microbands were closed to each other and the
misorientations among them were extremely small or even
negligible. On account of this, the misorientations along
the yellow arrow crossing areas marked in Fig. 11a, b are
reprocessed in Fig. 12a, b by EBSD method, respectively.
It is found that most of the misorientations among these
microbands were less than 3° from point-to-point analysis in
both the Normal-IF steel and the RE-IF steel, while a few
misorientations greater than 3° but less than 5° occasionally
occurred only in the Normal-IF steel. After accumulation of
numerous tiny misorientations, obvious intragranular misori-
entation more than 25° and intense local strain would arise in
shear bands easily found in prior coarse grains, so that dislo-
cation rearrangement preferentially took place within these
extremely distorted areas [3, 8], promoting the formation of
rod-like subgrains around microbands until original shear
bands were completely replaced. On account of the higher
misorientation accumulation, as demonstrated in Fig. 11c,
several recrystallized {554} <225> type grains even arose
with the sacrifice of shear bands or rod-like subgrains in the
Normal-IF steel, agreeing well with previous results reported
that intragranular shear bands were considered as the pre-
ferred nucleation sites for recrystallized y-fibre textures [1-3].
However, there were other regions with lower stored energies,
e.g. {001}<110> and {112}<110> textures verified by pole
figures B,_ , 3,and C,_; , 3, respectively, still maintaining the
elongated morphology till the end of nucleation. Since the fact
that stored energy in the RE-IF steel was less than that of the
Normal-IF steel, it is clear that there were more residual grain
fragments with {001 }<uvw> orientations in the Normal-IF
steel as shown in Fig. 3b,, bs, which once again confirmed
the conclusion that deformation {001}<110> orientation
remained stable during the whole nucleation stage [7]. Unlike
the former, the {112} <110> orientation with two variants
of C;_; 3 and C;_, usually located at the sides of deformation
y-fibre components along the rolling direction. There were
few recrystallized nuclei but recovered subgrains existing
in ribbon {112} <110> structures related to the incomplete
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recrystallization, this sluggish recovery behaviour was usu-
ally observed in the RE-IF steel because it had the maximum
{112} <110> fraction compared to the Normal-IF steel. In
view of the distinct texture configuration and stored energy
sequence, the aforementioned sequential nucleation behav-
iours of three different kinds of deformation textures were
well corresponded to the Johnson-Mehl-Avrami—Kolmogo-
rov (JMAK) model [7] with segmented recrystallization kinet-
ics, in which the deformation y-fibre textures usually existed
much more intragranular shear bands had priority to nucleate,
while the a-fibre textures recovered slowly and then delayed
the whole nucleation stage, resulting in sluggish recrystalli-
zation process of the RE-IF steel compared to the Normal-IF
steel.

Apart from nucleating from shear bands, there were also
other favourable paths for grains with y-fibre orientations
to recrystallize from the deformed matrix, and all these
nucleation paths are shown in Fig. 13. After 7-s holding
time, the nucleation process of fully recovered rod-like
subgrains (mostly existing in deformed y-fibre textures)
was completed and their banded morphology (shown in
selected area D of Fig. 13a) almost disappeared within sec-
onds. Besides, the nucleation of {554}<225> type grains
also easily took place at prior grain boundaries such as
the positions E; and E, where {112}<110> orientation
neighbours on {001}<110> orientation, this coincided
with the results [43] that the prior grain boundaries accu-
mulated higher stored energy compared with other grain
boundaries, were considered to be favourable nucleation
sites for recrystallized grains with y-fibre orientations [44,
45]. After nucleation, these new born y-fibre grains would
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sweep up the non-recrystallized regions on both sides and
even formed the recrystallized chain-like zones, as marked
by the enclosed dash-rectangle area E, within RD-ND
plane. In addition to the nucleation from shear bands and
grain boundaries, it is also found that the grains with y-fibre
orientations could simultaneously or separately recrystal-
lize from the deformation a-fibre regions through oriented
nucleation [5, 45]; thus, three areas F,_; , and G were
selected from Fig. 13a, b to clarify the details of oriented
nucleation in this study. In selected area F,, recrystallized
grain with {554}<225> type orientations was observed to
nucleate from the deformation {112} <110> texture regions
individually, and it also could recrystallize from the unde-
sirable {001} <110> texture regions alone, as shown in F,.
Besides, combined formation of recrystallized y-fibre ori-
entation grains took place frequently in IF steels because
these undesirable regions could provide numerous nuclea-
tion sites for {554}<225> and {111}<112> orientation
grains simultaneously, like the selected area G. Once the
subgrains converted into recrystallized grains, they would
constantly engulf the surrounding deformed Fe-matrix until
these newborn grains contacted with each other [9]. Since
there were much more deformation a-fibre textures, as
well as lower stored energy partition, existing in the RE-IF
steel, part of elongated structure with {001 }<uvw> orienta-
tions still existed in Fe-matrix after 7 s heat preservation at
860 °C, while connected ribbon structures in the Normal-
IF steel almost had been broken up due to the complete
recrystallization.

With increasing holding time, the residual structure
fragments in both steel samples were completely replaced
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Fig. 13 Different nucleation paths of y-fibre orientation grains from deformed Fe-matrix: a RD-TD midplane, b RD-ND plane of the Normal-IF

steel with 7 s holding time

by equiaxed strain-free grains, in which these new born
grains except for several a-fibre grains were mainly used
to generate the y-fibre orientations of various propor-
tions. As described in Fig. 6a, the volume fractions of the
{554}<225> and {111}<112> textures in the RE-IF steel
were similar to that of the Normal-IF steel at the end of
nucleation (around 30 s holding time), but the RE-IF steel
still had the nucleus advantage on accounts of its finer grains
and potential nucleation sites, e.g. shear bands, prior grain
boundaries and cold-rolled a-fibre textures. For the Normal-
IF steel, however, a relatively larger amount of deforma-
tion y-fibre textures were observed to provide more nuclea-
tion sites for the recrystallized grains preferentially, while
other paths nucleated from a-fibre or prior grain boundaries
therein would become inactive according to the sequential
nucleation that the deformation y-fibre textures nucleate
preferentially followed by sluggish nucleation of a-fibre tex-
tures. Furthermore, it is already found that the {554} <225>

type orientations whose nucleation rates were controlled by
volume fraction failing to make significant contribution to
the nucleation rate of initial recrystallization process, so that
those new born y-fibre grains in the Normal-IF steel were
mainly dominated by {111}<110> orientations with both
grain size and volume fraction advantages after nucleation,
as already shown in Figs. 4a and 6a. In view of the existed
differences among the three nucleation paths in both IF steel
samples, the competitive growth of these new born grains
with y-fibre orientations would account for the grain coars-
ening phenomenon in the RE-IF steel.

Since the fact that only coarse grains larger than the aver-
age grain size have positive contribution to the grain coars-
ening phenomenon, the volume fractions of y-fibre textures
within these coarse grains are collected in Fig. 14a, b to
separate the later stage of normal grain growth from abnor-
mal grain coarsening. It is clear that the texture fractions
of the Normal-IF steel varied in small amplitude while that
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of the RE-IF steel even became twice as the initial states,
suggesting that there indeed existed obvious texture com-
petitive growth among these y-fibre components and the
selective growth dominated by {554}<225> type textures
would introduce completely different grain growth state in
the RE-IF steel. To further determine the migration char-
acteristics of various orientations, grain boundaries within
y-fibre textures were also distinguished and are counted in
Fig. 14c, d. Almost identical fraction configurations in both
IF steel samples make it clear that RE elements could hardly
change the intrinsic migration modes of y-fibre textures but
the growth rate of concrete orientation, in which the grains
with {111} <110> orientation were mainly observed to grow
up through M-HAGBs migration while the grain growth of
{554} <225> type orientations primarily relied on LAGBs
annihilation and U-HAGBs migration. For the studied Nor-
mal-IF steel, it is already confirmed that the growth poten-
tial of {111}<110> orientation grains with both grain size
and volume fraction advantages was stronger than that of
{554}<225> type orientation grains after nucleation, while
these {554}<225> type orientation grains still achieved
grain growth in two different ways rather than a single
method. By contrary, the {554} <225> orientation grains
with nucleus advantage as well as {111}<110> orientation
grains in the RE-IF steel intensified rapidly at the same time
and further reached texture fraction equilibrium at the end of
nucleation (see Fig. 14b). With increasing holding time more
than 70 s, the volume fractions of y-fibre textures in the Nor-
mal-IF steel, similar to that in the RE-IF steel but occurrence
time, also reached a dynamic fraction equilibrium at the later
stage of grain growth and coarsening. After that, the domi-
nant texture transformed from {111}<110> orientation to
{554}<225> orientation, guaranteeing the alternating dis-
tribution of y-fibre textures in the Normal-IF steel as shown
in Fig. 14e. However, since the fact that there were much
more LAGBs existing in the RE-IF steel, the grain growth
of that part through LAGBs annihilation would be promoted.
Moreover, the grain boundary migration at grain growth and
coarsening stage was dominated by HAGBs (in particular
U-HAGBSs have the fastest mobility [25]) that could eas-
ily get rid of solution elements but sensitive to dispersed
precipitates [6, 17, 18]. On account of the reduced meta-
stable TiS and Ti,S,C, precipitates in the RE-IF steel, their
blocking effect on grain boundary migration would become
weaken. The volume fraction of {554}<225> orientation
grains in the RE-IF steel would definitely exceeded that of
{111}<110> orientation grains and kept this {554 }<225>
orientation advantage inherited from nucleation period much
more active until the end of annealing. In brief, the grains
with {554} <225> type orientations always dominating the
preferred-growth advantage would accelerate the formation
of orientation clusters (see Fig. 14f) and further induce grain
coarsening phenomenon in the RE-IF steel.

To summarize, synergic evolution of microstructure-tex-
ture-stored energy would take place in IF steels to drive the
static recrystallization upon CA. Since the fact that compat-
ible deformation behaviour of IF steels was sensitive to dis-
solved RE elements, the VPSC model was adopted, verified
and used to calculate the relative activities of major slip sys-
tems, suggesting that different cooperation of the three slip
systems would account for distinct texture configurations
in IF steels after plastic deformation. Then, GNDs accu-
mulated in these deformation textures was reconstructed to
clarify the stored energy sequence, as well as distinguish-
able nucleation rates of varied texture components. With
different texture configurations and reduced stored energy,
defined textures were observed to suffer oriented nucleation
and selective growth, which is the key to explain the slug-
gish nucleation behaviour and grain coarsening phenomenon
of RE-IF steels.

5 Conclusions

In this study, the synergic evolution of microstructure-tex-
ture-stored energy in IF steels has been investigated to elabo-
rate the effects of dissolved RE elements on static recrystalli-
zation. Based on the experimental observations and verified
VPSC model, the following conclusions can be drawn:

1. RE elements can significantly influence the deforma-
tion textures configuration of IF steels and then postpone
recrystallization nucleation but accelerate grain coarsen-
ing after long-term annealing.

2. The relative activities of different slip systems are
sensitive to RE elements, which would make the
{110}4<111>, slip systems become extremely inactive,
leading to an a-fibre textures rich configuration in RE-IF
steels.

3. The stored energy sequence Essiy<205-~E 1111<112>
>E(111y<110> > E(112)<110> > E{o01)<110> Te€mains
unchanged in RE-IF steels, but nucleation rates of these
textures except {554}<225> controlled by volume frac-
tion become sluggish due to lower partition amount of
stored energy compared with the Normal-IF steel.

4. At nucleation stage, new born y-fibre grains mainly
recrystallized in different paths: strong y-fibre textures
in the deformed Normal-IF steel would drive the rapid
growth of recrystallized {111}<110> grains, while sig-
nificantly increased a-fibre textures in deformed RE-IF
steels would provide abundant nucleation sites for
y-fibre grains and trigger competitive growth between
{554}<225> and {111}<110> textures.

5. During grain growth and coarsening, RE elements
could hardly change the intrinsic migration modes but
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growth rates of different y-fibre textures: the dominant
growth texture of the Normal-IF steel transferred to
{554}<225> from {111}<110>, while {554}<225>
textures in RE-IF steels still sustained the orientation
advantage inherited from nucleation stage and kept on
coarsening intensely, resulting in orientation clusters and
further grain coarsening.
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