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ABSTRACT

The extended band structures of as-cold-rolled high Cr steel sheets are recrystallisation-resistant, and tend to become
aggregates of the so-called grain colonies as a partially recovered state after final annealing. Such band structures di-
minish formability and become origin of the so-called ridging. A novel processing will be shown here, which involves
strain-path change by introducing one-pass ECAP prior to cold-rolling, and facilitates recrystallisation. Indeed, the recrys-
tallisation temperature was reduced by 100°C, compared with cold-rolling alone imposing an equivalent strain. Grain-
scale microshear bands introduced during one-pass ECAP perturbed the banded structures in post-ECAP cold-rolling
and enhanced the recrystallisation at the final annealing.
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1. Introduction

Ferritic stainless steel sheets have high corrosion resis-
tance and high formability. Compared with austenitic stain-
less steel, they are immune to stress corrosion cracking
(SCC) in the chemical media, including chloride. Thus,
they have been widely used in highly corrosive environ-
ments near seawater in place of austenitic stainless steel.
However, their formability for deep drawing is generally
inferior to that of austenitic stainless steel sheets. Another
drawback is the so-called ridging, which appears when
sheets are subjected to tensile plastic strain in the rolling
direction. Ridging is a kind of rumple, and should be
eliminated to give a better good appearance and to fur-
ther formability. The ridging formation mechanism is not
completely clarified yet, but several mechanisms proposed
are in agreement that ridging is caused by anisotropic plas-
tic flow of the alternating mixed bands of crystallographic
texture [1-4]. These bands with similar crystallographic
orientation have been called “colony” and are a unique
microscopic feature of ferritic stainless steel sheets. Unlike
low carbon steel, ferritic stainless steel with high chromium
content (>11 mass%) undergoes no or limited phase
transformation (o—y) during thermo-mechanical proc-
essing, which restricts the opportunities for texture ran-
domisation [5]. Since dynamic recovery occurs quickly
in body-centered cubic (bcc) metals during hot-rolling, it
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tends to precede recrystallisation, thereby reducing strain
energy as a driving force for recrystallisation. During hot
and cold-rolling, the columnar grain structure of the as-cast
slab is converted into large and highly elongated bands
with a stable {100}<011> orientation and homogeneous
structures. Since these bands store less energy as disloca-
tions during cold-rolling, they are very difficult to recrys-
tallise, and tend to remain as a colony until the final prod-
uct. Therefore, facilitating recrystallisation in the final an-
nealing to replace {100}<011> with finer grains having
random orientation leads to both minimizing the ridging
and enhancing formability. Several measures in various
steps of processing from casting to cold-rolling have been
proposed to control texture and reduce the ridging, and
they can all be regarded as essentially enhancing recrys-
tallisation at the final annealing by introducing defects as
recrystallisation sites [6-8]. Strain-path changes imposing
a disproportional strain have been well-known to affect
recrystallisation kinetics [9,10], and their effect on ridg-
ing was also investigated by employing cross-rolling [11]
and spread-rolling [12].

Equal-channel angular pressing (ECAP) is one of the
severe plastic deformations (SPD) that emerged as a new
process for fabricating bulk ultrafine grained (UFG) or
nanocrystalline materials [13]. The present authors ap-
plied ECAP, which has mostly been applied to billets, to
ferritic stainless sheets for only one pass prior to cold-
rolling, and demonstrated that the strain path change, by
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the combination of one-pass ECAP and cold-rolling, has
a favourable effect in alleviating ridging and enhancing
formability [14].

Following our previous results [14], we further exam-
ined recrystallisation behaviour, focusing on the stored
energy and role of grain-scale heterogeneous structures,
such as deformation bands introduced by ECAP.

2. Experimental

Hot-rolled sheets of 16 mass%-Cr steel with extremely
low C, N (C + N < 0.01 mass%) with a thickness of 4.0
mm were annealed at 880°C for 10 min in a laboratory
furnace. Then, they were ECA-pressed for one pass fol-
lowed by cold-rolling to a final thickness of 2.0 mm. The
die for ECAP has a channel angle of 120° as shown in
Figure 1. ECAP was carried out using a hydraulic press
with a maximum load of 2000 kN (Kawasaki Yuko Co.).
Lubricant with a high viscosity of 665 mm*/s (Dielub TS
7007, Daido Chemical Co.) was used in ECAP in order
to reduce the otherwise very high frictional force between
the billet and the ECAP die. Finally, the specimens were
annealed by an infrared furnace (ULVAC MILA3000) at
several intermediate temperatures from 600°C to 1000°C
to examine recrystallisation behaviour. We compared this
with a conventional process without ECAP in which the
sheet was cold-rolled from 5.0 to 1.4 mm. According to
Furuno et al. [15], an equivalent strain, &4 given by ECAP
with a channel angle of 120°, is about 0.6, and the sum of
€eq by ECAP and cold-rolling is about 1.3. The rolling
reduction in the conventional process was adjusted so
that an equivalent strain &,q was equal to 1.3. A complete
flow diagram of both the conventional and new process
involving one-pass ECAP is summarised in Figure 2.
Microstructures were observed by an optical micrograph
and a scanning electron microscope of field emission type
(FE-SEM, JSM 7000F), equipped with electron back-
scattered diffraction (EBSD, Oxford Instrument Co.). Tex-
ture after cold-rolling and final annealing was measured
by means of conventional X-ray analysis.

3. Results

Orientation color maps before and after ECAP were ob-
tained by EBSD from the TD direction (Figure 3). The
microstructure before ECAP appears to be a recrystal-
lised state with some elongation in the rolling direction.
However, there are large and highly elongated bands with
a similar crystallographic orientation [14], which, during
hot-rolling, were converted from the columnar grain struc-
tures of the as-cast slab. These bands usually transform
into grain colonies with a similar {100}//ND orientation
(red color in Figure 3) during recrystallisation in hot strip
annealing. After one-pass ECAP, dense deformation bands
were observed parallel to the shear plane of ECAP inside
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a number of grains as shown in Figure 3(b). These defo-
rmation bands may be grain-scale shear bands, or so-called
microshear bands (MSB). The origin and nature of MSB
will be discussed later.

Orientation image maps after cold-rolling and final an-
nealing of both ECAP and the conventional processes are
compared in Figure 4. Alternative layers of highly ex-
tended {111}//ND and {100}//ND grains are observed in

(a)

ND

TD RD

Figure 1. (a) Schematic diagram of ECAP processing. ND,
RD and TD directions are defined with regard to the sheet;
(b) Photo of ECAP die.
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Figure 2. Flow diagram of fabrication process of cold-rolled
and annealed sheets by conventional process (upper) and
ECAP process (lower).

@

[001] [101]

Figure 3. Orientation color maps obtained by EBSD after
hot strip annealing and one-pass ECAP.
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Figure 4. Orientation color maps observed from TD direc-
tion after cold-rolling and the final annealing. Orientation is
expressed in terms of ND and TD directions, after cold-
rolling and annealing, respectively.

the conventional process. In the ECAP process, although
alternative layers of {111}//ND and {100}//ND are simi-
lar with the conventional process, very fine band-like struc-
tures in a diagonal direction inside the red {100}//ND
grains can be recognized with a slightly different orienta-
tion. It is apparent that these band-like structures were
the MSB which formed during ECAP, and remained after
post-ECAP cold-rolling. Such cold-rolled MSB are not
visible inside extended {100}//ND grains in the conven-
tional process. After the final annealing, somewhat elon-
gated grains with similar crystal orientations were arranged
parallel to the rolling direction in the conventional process,
whereas grains were smaller and more equiaxed with rather
randomly arranged orientations in the ECAP process.
The change of hardness corresponding to an increase
of temperature in the final annealing is shown in Figure
5. The cold-rolled sheet in the ECAP process started to
soften at a much lower temperature, surprisingly at almost
100°C lower than that of the conventional process, al-
though the same equivalent strains were imposed in both
processes. This indicates that by the strain path change
combining one-pass ECAP prior to cold-rolling, more
strain energy can be effectively stored, or more hetero-
geneous structures can be introduced in the extended bands,
than by cold-rolling alone. These heterogeneous struc-
tures serve as nucleation sites and facilitate the recrystal-
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lisation of {100}//ND grain colonies, which are otherwise
difficult to recrystallise. The data of pure iron imposed on
by the same equivalent strain are also shown for compare-
son. It is interesting to note that recrystallization tempera-
ture is not so much affected by strain path change in pure
iron. Microstructures observed by optical microscopy are
shown in Figure 6. The cold-rolled band structures are
still observed at 800°C and 850°C in the conventional
process, while they were partially recrystallized at 800°C
and fully recrystallised at 850°C in the ECAP process.
Therefore, it is evident that the recrystallisation tempera-
ture is reduced in the ECAP process.

Texture before and after cold-rolling was shown by
{100} pole-figures as shown in Figure 7. After cold-rolling,
both processes showed typical cold-rolled textures with
main o-fiber consisting of <100>//RD orientations. How-
ever, the {100}<011> orientation was somewhat higher
in the ECAP process than in the conventional process.
This result is consistent with the orientation color map
after cold-rollings shown in Figure 4, where {100}//ND
grains with red color occupy a large fraction of the entire
map. Since cold-rolled grains of stable {100}<011> ori-
entation are difficult to recrystallise, this result seems to
be inconsistent with the enhanced recrystallisation in the
ECAP process. After the final annealing, however, the
y-fiber, ie., {111}//ND, was somewhat stronger in the
ECAP process than in the conventional one. It means that
most fractions of {100}//ND grains were replaced by
{111}//ND grains during the recrystallisation process.
Therefore, it can be considered that the enhanced recrys-
tallisation in the final annealing in the ECAP process was
not attributed to the texture effect, but to the modification
of deformation substructures embedding MSB by means
of the combination of ECAP and cold-rolling.
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Figure 5. Influence of annealing temperature on hardness of
ECAP and the conventional processes. Data of pure iron by
same processing are also shown for comparison.
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Figure 6. Microstructures by optical microscopy after final
annealing showing partially and fully recrystallised states in
(a) Conventional and (b) ECAP processes.
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Figure 7. {100} pole-figures showing textures after cold-rolling
and final annealing in conventional and ECAP process.

4. Discussion

It is generally accepted that the strain path change affects
the kinetics of static recrystallisation, and as a general trend,
the deformation of the forward and reverse directions inv-
olving strain reversal causes a retardation of the recrys-
tallisation, as compared to that of a monotonic deformation
of the same total strain applied [16-21]. Retarded recrys-
tallisation by strain path change has mostly been discussed
in terms of stored energy during the prior deformation.
Stored energy can be related to the substructure formed
during deformation with dislocation density, sub-boundary
misorientation [22]. Redundant or reversed strains retard
recrystallisation because they lead to the dissolution of
sub-boundaries and dislocation annihilation [23]. For multi-
axial deformation and combined modes of deformation,
the literature on the effect of strain on recrystallisation
has been limited. Embury ez al. found that a copper spec-
imen deformed by multi-axial compression recrystallised
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more slowly than the specimens deformed by monotonic
compression for the same equivalent strain [10]. Cowan
et al. using torsion combined with reverse torsion or axial
compression in aluminum confirmed the profound influe-
nce of reverse straining on recrystallisation, but observed
almost no deviant effect of torsion + compression (ortho-
gonal state) [24]. Thus, these multi-axial or combined
modes of deformation can be considered to reduce recrys-
tallisation kinetics more or less.

Embury et al. [10] described that strain-path change
influences recrystallisation in three ways, i.e., 1) The pattern
of flow during deformation and resulting spatial distribu-
tion of recrystallisation; 2) The work hardened state, name-
ly dislocation density and structures; and 3) the introduc-
tion of localised shear bands, which perturb the existing
deformed structures. The first effect can be ruled out since
the change of flow pattern should lead to a drastic change
in the cold-rolled texture. Indeed, {100}//ND orientation
became stronger in the cold-rolled texture in the ECAP
process. This orientation, however, is rather recrystallisa-
tionresistant. Thus, in this context, texture change is not
directly associated with enhanced recrystallisation. The
second effect is directly associated with the energy stored
by substructure. Since hardness before the final annealing
is almost equal in the two processes, as shown in Figure
5, the difference in the stored energy is not large enough
to become a factor enhancing recrystallisation kinetics.
Therefore, the third effect by grain-scale MSB may become
the most influential one as a result of the strain path
change combining one-pass ECAP and cold-rolling. It is
well estabmlished that the localized shear band serves as
a preferential nucleation site [9,25].

The origin of grain-scale MSB has two possibilities
[14]. One is the deformation band as referred to in the
usual sense. Deformation bands develop when neighbor-
ing volumes of a grain deform on different slip systems
and rotate to a different end rotation [26]. The regions
between deformation bands are called transition bands
having a large orientation gradient that is an ideal site for
recrystallisation [26]. However, misorientation across a
transition band is generally a few degrees [26], and is
much smaller than the one between MSB and the matrix
in our experiment [14]. The second possibility is that MSB
appears as a manifestation of plastic instability inside a
grain (Figure 8(a)). Hurley and Humphreys [27] reported
that misorientation across the boundaries between MSB
and the matrix was higher than that of cell boundaries,
and that it increases with a growing plastic strain forming
high-angle grain boundaries (HAGB) as shown in Figure
8(b). It should be pointed out that dislocation boundaries
composing MSB consist of geometrically necessary dis-
locations (GND), which accumulate with increasing mis-
orientation across the dislocation boundary [28]. In ECAP,
where simple shear deformation occurs in a very narrow
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region, limited slip systems tend to be activated parallel
to the macroscopic shear plane and the shear direction of
ECAP [29]. With a limited slip system, material deforms
with little strain hardening, accompanying plastic insta-
bility with strain localization. Thus, MSB tends to occur
in ECAP as a manifestation of plastic instability [29].
The schematic diagram in Figure 9 summarizes the for-
mation mechanism of banded structures with embedded
MSB inside stable {100}<011> grains. Finally, it is im-
portant to note that MSB did not recombine with the ma-
trix during the post-ECAP cold-rolling.
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Figure 8. (a) Schematic diagrams of shear band and grain-
scale microshear bands; (b) Effect of strain on the mean mis-
orientations of cell, microshear bands in Al-0.1% Mg [27].

After hot annealing =——> After ECAP ——>  After cold-rolling

Hard to recrystallise {100} band

+ Conventional

ECAP process

Figure 9. Schematic diagram showing fragmenting process
by embedding grain-scale microshear bands in extended
{100}//ND grains. Fragmented {100}//ND grains become read-
ily recrystallised on subsequent annealing.
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5. Conclusion

Recrystallisation has been enhanced in the final anneal-
ing by introducing one-pass ECAP prior to cold-rolling
in the 16 mass% Cr steel sheet. It was found that recrys-
tallisation temperature was reduced almost 100°C as com-
pared with the conventional processing without ECAP.
Grain-scale microshear bands that developed during ECAP
remained after post-ECAP cold-rolling inside the hard-to-
recrystallise {100} grains. These bands are considered to
become the nucleation site of recrystallisation and facili-
tate fragmentation of the colony.
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