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Abstract—The stages of structure formation during cold rolling are investigated in bce (110)[001] single crys-
tals of Fe—3% Si alloy, within the deformation zone. To obtain a visible deformation zone, the laboratory mill
is abruptly stopped at the instant of sample rolling. To reduce the frictional coefficient, lubricant is used for
some of the samples. The deformational structure is studied by metallography and orientational electron
microscopy (EBSD). Deform-3D software is used to analyze the relation between the experimental data and
the calculated stress state in rolling, for various values of the frictional coefficient. Depending on the frictional
coefficient, the stress state may significantly affect the mesostructure formation and the texture development.
In a single crystal rolled with elevated friction, when the deformation is relatively small, deformation bands
are formed. Orientational analysis of the contact point of deformation bands reveals alternating microbands,
each with slight different orientation, which are separated by small-angle boundaries. In the rolling of a
(110)[001] single crystal with lubrication (reduced friction), twinning is observed even with slight deforma-
tion. The twinning is evidently due to the reduced contribution of surface energy to the total energy of twin
nucleation. Throughout the whole deformation process, either the twins of both systems retain the strict X3
crystallographic relation with the matrix or else, on account of the local lattice reorientation, X3 disorienta-
tions are converted to similar special 2176 and X43c¢ disorientations. On the basis of experimental data, a dis-
location model is proposed for the formation of deformational mesostructures in the cold rolling of a
(110)[001] single crystal. This model includes the formation of microbands in the initial stage of deformation-
band generation; the formation of transition bands parallel to the rolling plane with the dynamic retention of
the initial orientation; and the formation of transition bands inclined to the rolling plane with a habitus par-
allel to the {112} matrix plane. These inclined planes are equivalent to shear bands whose habitus is inclined
at ~17° to the rolling plane.

Keywords: rolling, deformation zone, single crystal, deformation bands, transition bands, twinning, special
boundaries
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In rolling mills, the cold deformation of metals and
alloys occurs at high speed over brief periods, within a
relatively small volume (the deformation zone). Even
with small deformation, significant change in struc-
ture and texture of the material may be observed, as a
result of various processes, such as the systematic trig-
gering of slip systems, twinning, and the localization
of deformation in band structures [ 1—10]. Since atten-
tion is usually confined to the final result of rolling, it
would be of interest to trace the dynamics of this mul-
tistage process.

In the present work, we investigate the stages in
mesostructure formation during cold rolling, within
the deformation zone. As an example, we study bcc
(110)[001] single crystals of Fe—3% Si alloy. This alloy
is a good model for the study of deformation pro-
cesses, in that its single crystals support practically all
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known modes of plastic deformation: slipping, twin-
ning, and various localized deformation bands [8—12].
In addition, the alloy is used in industry as an aniso-
tropic electrical steel. In other words, research on its
deformation may also be of practical interest [13—16].

EXPERIMENTAL MATERIALS
AND METHODS

We use 0.5 x 280 X 30 mm plates of the commer-
cial anisotropic electrical steel after removing the elec-
trically insulating coating. The plates consist of large
grains (30—50 mm in the rolling plane) and are char-
acte4rized by perfect (110)[001] texture.

For cold rolling, we use a reversible laboratory
four-high rolling mill, with working rollers of diameter
75 mm and width 250 mm; the maximum load is 20 t.
The plates are rolled in a single pass, with ~55% defor-
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Fig. 1. Microstructure of the deformation zone of rolled Fe—3% Si single crystals with initial orientations close to (110)[001]:
(a) rolling with elevated friction (without lubrication); (b) rolling with lubrication. Inset: microrelief at surface of section

(€ ~ 18%; chemical polishing).

mation, in a direction close to {(001). Some of the sam-
ples are rolled using lubricant. Others are thoroughly
degreased before rolling, and lubricant is removed
from the surface of the working rollers. The laboratory
mill is abruptly stopped at the instant of sample roll-
ing, so as to obtain a visible deformation zone. Sam-
ples are cut from plates where the deformation zone is
in the center of a large grain with perfect (110)[001]
orientation and subjected to metallographic analysis
and orientational analysis on a Carl Zeiss Auriga
CrossBeam electron microscope with an Oxford
Instruments HKL Nordlys F (EBSD) attachment.
The scanning increment is 0.5—1.0 um; the error in
determining the lattice orientation is no more than +1°
(about ~ £0.6° on average). Small-angle boundaries
between local volumes are plotted on orientation charts
when the disorientation is 2—10°; with disorientation of
10° or more, large-angle boundaries are plotted.

The stress state in cold rolling is calculated by the
finite-element method, on the basis of Deform-3D
software. Coulomb friction is specified at steel—roller
contact. The frictional coefficient is assumed to be |L =
0.22 in the absence of lubricant and u = 0.11 with
lubricant.

In the analysis of the slip and twinning systems
present, the laboratory coordinate system is chosen so
that its axes are in the direction of cold rolling (DR),
the normal to its plane (N D), and the transverse direc-
tion (TD), which is also the roller axis. Thus, the three
directions form a right triad of vectors.

INFLUENCE OF FRICTION

In the sample rolled without lubrication, deforma-
tion is due solely to slip, with the formation of defor-
mation bands. As is well known, the rolling of single
crystals with initial ribbed orientation (110)[001] leads
to the formation of two symmetric orientations
{111}¥112) in the form of sets of deformation bands
separated by transition bands [17]. The experiment

allows us to trace the successive stages of this process
(Figs. 1-3).

Even with relatively small deformation (~18%),
two deformation bands separated by a boundary are
observed in a single crystal rolled with elevated friction
(Fig. 1a). With greater deformation, the contact point
of the deformation bands is characterized by microre-
lief at the surface of the section in the form of a net-
work of slipping tracks (Luders lines), which intersect
in the central region of the single crystal (Fig. 1b).

Orientational analysis (EBSD) indicates the for-
mation of deformation bands even with ~10% defor-
mation. Not two (as in Fig. 1a) but three deformation
bands are formed at once in the single crystal studied;
they differ somewhat in orientation. The boundary
between them is not a strictly defined line but rather a
region characterized by smooth transition from one
orientation to the other. Orientational analysis of the
contact point of deformation bands reveals alternating
microbands, each with slight different orientation,
which are separated by small-angle boundaries. They
become narrower toward the center of the single crys-
tal (Fig. 2).

In the rolling of a (110)[001] single crystal with
lubrication (reduced friction), twinning is observed
even with small deformation (Figs. 1b and 3). Since
twinning is always accompanied by the formation of
the corresponding surface relief, it is natural to assume
that the increased twinning in the alloy with lubrica-
tion is due to decrease in the contribution of surface
energy to the total energy of twin nucleation.

With ~3% deformation, twins of two symmetric
systems (112)[1 11] (T;)and (112)[11 1] (T,) are seen.
Their orientations with respect to the laboratory coor-
dinate system are (114)[221] and (114)[221], respec-
tively (Fig. 3b). With € > 50%, the twins of systems T,
and T, are symmetrically aligned at angles 20°—25°
and 155°—160°, respectively, with respect to the rolling
plane (Figs. 3fand 3g). Then the twin density remains
practically constant throughout the deformation pro-
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Fig. 2. Orientations of the central region of a single crystal rolled with elevated friction: orientation charts for the transverse direc-
tion. The orientations of individual local regions are shown as elementary cells of the crystal lattice. Deformation € ~ 18% (a) and

40% (b). Notation: DB, deformation band.
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Fig. 3. Lattice reorientation of a single crystal rolled with reduced friction: orientation charts for the transverse direction (TD)
and {110} pole figures with the corresponding charts. The orientations of individual local regions are shown as elementary lattice
cells. Deformation € ~ 3% (a), 10% (b), 13% (c), 23% (d), 30% (e), 44% (f), and 54% (g). Notation: SB, shear band.

cess. Orientational analysis shows that, throughout the
whole deformation process, either the twins of both
systems retain the strict £3 crystallographic relation
with the matrix or else, on account of the local lattice
reorientation, X3 disorientations are converted to sim-
ilar special 217b and 243c¢ disorientations.
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In the rolling of single crystals with reduced fric-
tion, deformation is obviously due mainly to slip,
which leads to the formation of deformation bands
that differ in orientation (Fig. 3). Note that, in that
case, one of the two visible deformation bands (DB,)
basically retains the initial orientation of the single
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Fig. 4. Distribution of the stress T, in the deformation zone when L = 0.11 (a) and 0.22 (b) and positions of characteristic points.

crystal (Figs. 3a—3g). In the rolled single crystal with
~30% deformation, we may see traces of the spatial
interaction of deformation bands in the form of bands
(DB,) whose habitus plane is parallel to {112}
(Fig. 3e).

Thus, rolling with and without lubrication (with
different values of the frictional coefficient) will corre-
spond to different deformation mechanisms, resulting
in visible differences in the mesostructure and texture
of the samples.

CALCULATION RESULTS

We use Deform-3D software to analyze the influ-
ence of the frictional coefficient on the stress state in
cold rolling. An elastoplastic model of the deformed

Angle between the rolling
plane and t,,,,, deg

1 2 3 4 5 6 7 8 9
Cross section of deformation zone

Fig. 5. Variation in the magnitude (a) and direction (b) of
Tmax OVver the length and depth of the deformation zone:
(1,4 0.5h; (2, 5) 0.25h; (3, 6) 0; u = 0.11 (I-3) and
0.22 (4-06).

strip is chosen. Since the elastic deformation of the
strip in cold rolling makes a small contribution to the
total deformation, we adopt standard elastic properties
for steel, without taking account of anisotropy: elastic
modulus 2.10 < 10> MPa; Poisson’s ratio 0.30. The
plastic properties are described by means of the Mises
condition; the resistance to deformation is determined
from handbook data [18]. In rolling without lubrica-
tion, we assume a Coulomb frictional coefficient L =
0.22, as against L = 0.11 with lubrication, in accor-
dance with the recommendations of [19]. Then we
consider the stress state in the center of the strip (over
the width); rolling is assumed to be a steady process in
modeling. In Deform-3D software, the stress T,,,, cor-
responds to the Abs. max shear function (Fig. 4).

Flow analysis is used for more detailed analysis of
the distribution of stress T,,,, within the deformation
zone. Since the deformation zone is symmetric, we
consider only its upper half. The deformation zone is
divided over the length into nine cross sections so as to
cover all the regions of the stress diagram. In each sec-
tion, we consider three characteristic points over the
strip thickness: the surface (0.54), a quarter of
the thickness (0.254), and the central layer (0). Thus,
the stress T,,,, iS estimated in nine cross sections over
the length of the deformation zone, at three points
over the thickness: 27 points in all (Fig. 4).

On the basis of Deform-3D software, we plot vec-
tor diagrams for the primary stress 6, and ;. The
direction of the tangential stress T,,, may thus be
determined as the bisectrix of the angle between the
vectors 6, and 65. In Fig. 5, we show the measured
stress at the characteristic points and the angles
between the rolling plane and the stress T, at the
characteristic points , for two different frictional coef-
ficients.

For rolling with a large frictional coefficient, the
tangential stress T,,,, for the corresponding cross sec-
tions of the deformation zone is greater overall than
with a small frictional coefficient . This difference is
more pronounced in the initial region of the deforma-
tion zone (Fig. 5). In addition, the difference in the
frictional coefficient changes the direction of t,,,, over
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the length and depth of the deformation zone , espe-
cial in the surface layers (0.54) of the strip. The con-
siderable change in direction of 7, in the surface
layer of the deformation zone with increased frictional
coefficient may be explained by the change in the
direction of stress T, on passing from the kinematic
lag zone to the lead zone.

Note that, for a low frictional coefficient in the ini-
tial region of the deformation zone, the angle between
the rolling plane and the stress T,,,, is close to 55°. This
may explain the appearance of deformational twins in
the structure with the given stress state (Fig. 1b), since

the active twinning planes (112) and (112) in the single
crystal (110){001) are inclined at 54.7° to the rolling
plane.

It follows from these results that the frictional
coefficient may have significant influence on the
stress state in the deformation zone. This qualita-
tively explains the experimental difference in struc-
ture of the single crystals rolled with different fric-
tional coefficient.

THE ROLE OF DISLOCATIONS

As soon as they are formed, all the deformation
bands observed differ in lattice orientation from the
initial orientation of the single crystal (Figs. 2 and 3).
Even in the deformation band whose orientation is rel-
atively close to the initial orientation, slip results in
rotation of the lattice around both the rolling and nor-
mal directions. The reorientation of a lattice that devi-
ates from the ideal orientation (110)[001] was analyzed
in [15].

Overall, the reorientation of the (110)[001] single

crystal may be described by lattice rotation in the
deformation band around the crystallographic direc-

tion [110], which is close to the transverse direction .
With increase in the deformation in rolling, we note
further lattice reorientation in the basic volume of the
deformation band, tending to two symmetric orienta-
tions {111}{112) (Fig. 2b). Note that the formation of
deformation bands occurs not only in the plane
defined by the normal and rolling directions but also
in the plane defined by the rolling and transverse
directions: the relative volumes of the deformation
bands in the same plane of the section may change sig-
nificantly on motion in the rolling direction (Fig. 2).
In Fig. 2b, the deformation band DB, only exists as
three narrow regions extending along the direction of
slip of band DB,. They may be regarded as mesostruc-
tural elements of shear-band type with the habitus
plane {112} (SB II, according to [8]).

Obviously, the formation of deformation bands
with a lattice tending to one of the two symmetric ori-
entations {111}{112) is associated with orientational
instability of the initial crystal on rolling close to the
crystallographic direction [001]. The appearance of a
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set of deformation bands is due to local disorientation
between sections of the initial single crystal. In differ-
ent regions of its lattice, we note different primary slip
systems, whose action determines the subsequent lat-
tice reorientation. As a consequence, the deformation
bands differ in the rate of lattice reorientation.

In the deformation of the (110)[001] single crystal
in parallel planes {112}, series of dislocation loops
extending along the shear direction (111) are formed
[1]. Loop formation within a single slip system
{112}{111) limits the path of the dislocations (the loop
length) in the symmetric system (and vice versa). The
choice of the slip system is random and determines the
direction of lattice rotation toward one of the two ori-
entations {111}{112). As a result, within the limits of a
single deformation band, in the initial stages of its for-
mation, microbands extending along the (111) direc-
tion of the dominant (rotary) slip system are formed;
these microbands are separated by small-angle bound-
aries, formed by segments of the edge dislocations of a
second system. The disorientation between the micro-
bands is no more than a few degrees, since dislocations
of opposite sign approach the microbands from adja-
cent regions and practically cancel each other out,
except for a small dislocation density of a particular
sign. With increase in deformation and corresponding
increase in the dislocation density, the disorientation
between the microbands increases as the square root
of the number of edge dislocations forming the given
small-angle boundary. This is evidently the conse-
quence of random fluctuation in the Burgers vector of
the lattice dislocations along the crystallographic
direction (111).

Along the slip direction of the dominant system,
the microbands defined by small-angle boundaries
are also divided by extended fragments. The corre-
sponding transverse small-angle boundaries are
formed by the edge components of the loops in the
dominant system; disorientation of the fragments is
again due to incomplete compensations of the signs
of the dislocations.

Evidently, the fundamental difference between
small-angle boundaries formed transverse to micro-
bands and those in the direction of the microbands
may be attributed to the higher mobility of the trans-
verse microbands as the lattice takes on the corre-
sponding orientation {111}{112). Under the action of
the stress in the dominant slip system {112}{111), the
transverse small-angle boundaries may break down as
a result of the opposing motion of edge components of
different sign. That increases the path length of the
edge sections of the dislocation loop and correspond-
ingly the degree of deformation in the given slip sys-
tem. Thus, in the direction of slip, the fragments may
combine, with increase in their length.

The formation of a transition band is fundamen-
tally different from the formation of the small-angle
boundaries separating microbands or arising within
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microbands. Analysis of the active slip systems indi-
cates that dislocations of a single sign, which repel one
another, pass from the adjacent deformation bands
(for example DB, and DB, in Fig. 2) to the transition
band (at first, to the intermediate region). As a result,
the structure of the intermediate region consists of a
set of microbands with small-angle boundaries,
which either continue to move or come to a halt.
Obviously, with increase in the deformation, slip in
the microbands from the transition region into the
deformation band will be progressively blocked. The
blocking is least along the effective slip system
((110)[00T](110)[T11] + (110)[111]). Thus, close to
the deformation band (formed in the intermediate
region), as a result of recoil of microbands from DB;
and DB, and the associated blocking of slip in the
dominant systems {112}{111), the orientation
{111}{112) becomes unstable and reverts to (110)[001]
under the action of the effective slip system

(110)[001]. When slip stops in the effective system on
account of decrease in the Schmid factor, the inverse
lattice rotation is made possible by the second active
slip system {112}(111). As a result, the transition band
may retain an orientation close to (110)[001] for a rel-
atively long time during deformation.

An analogous mechanism explains the formation
of the transition band inclined to the rolling plane that
forms part of DB,, with an orientation close to
(110)[001] and a habitus parallel to the {112} plane of
DB, (Fig. 2b). Evidently, these bands are often
wrongly interpreted as shear bands (SB II) [8, 12].

On the basis of the formation of crystalline struc-
ture in the deformation zone, we may also trace the
sequence of twin reorientation in thinning of the band.
In reorientation of the initial {110}{001).single crystal
to the direction {111}{112), the habitus of the twin sys-
tem {112}(111) aligned with the active slip system
(for example, twin T,) should be inclined at ~20° to
the rolling plane. The orientation of the matrix with
respect to the laboratory coordinate system will be

close to (111)[112] (DB,), while that of twin T, is

(111)[112]. The habitus of twins of the second system
T, in DB, should be practically perpendicular to the
rolling plane, with a lattice orientation close to

(111)[112] . Note, however, that decrease in the initial
angle and retention of special disorientation is
observed for both twin systems (Fig. 4). Their crystal
lattice has the same orientation with respect to the
matrix. In other words, one of the twin systems has the
regular crystallographic position, while the other has
an irregular position in the deformed matrix. The evo-
lution of twin-system reorientation in the deformation
zone with the retention of strict special disorientation
of type 23 is fully described by the dislocation mecha-
nisms in [20].
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Thus, by EBSD, the structure formation in the
cold rolling of a (110)[001] single crystal may be inves-
tigated directly within the deformation zone, as well as
its relation to the stress state.

Obviously, the results here outlined do not fully
account for the processes that occur in the deforma-
tion zone; further experimental and theoretical study
is required. Nevertheless, it is clear that the stress state
and frictional coefficient significantly affect the meso-
structure formation and the development of crystal-
line texture. Research on functional materials with
different submicro- and nanocrystalline structure is of
great interest.

CONCLUSIONS

We have investigated the mesostructure formation
in cold rolling of (110)[001] single crystals of Fe—
3% Si alloy within the deformation zone. Deform-3D
software is used to calculate the stress state in rolling,
for various values of the frictional coefficient.
Depending on the frictional coefficient, the stress
state may significantly affect the mesostructure for-
mation and the texture development in the crystal.

On the basis of experimental data, we have pro-
posed a dislocation model for the formation of defor-
mational mesostructured in the cold rolling of a
(110)[001] single crystal. This model includes the fol-
lowing components:

—the formation of microbands in the initial stage
of deformation-band generation;

—the formation of transition bands parallel to the
rolling plane with the dynamic retention of the initial
orientation;

—the formation of transition bands inclined to the
rolling plane with a habitus parallel to the {112} matrix
plane.

‘We have traced the sequence of lattice reorientation
of the twins when their special disorientation X3 with
respect to the deformation matrix is retained.
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