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The review is devoted to the phenomenon of fragmentation: the subdivision of'initial grains
into highly misoriented crystallites in the process of plastic deformation. The investiga-
tions performed mostly during last two decades were considered and, in doing so, the early

stages of fragmented microstructure evolution were of interest. Characteristics of regular
cell block structure, described repeatedly before, were specified on the basis of more recent
investigations, in particular, its orientation dependence and the development of primary
and secondary microbands. The large-scale manifestations of grain subdivision, zones of
intense fragmentation as well as the evolution of misorientation angle distribution with
increasing strain and changing deformation conditions were also considered. Finally, the
modeling of fragmentation is discussed briefly.
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1. INTRODUCTION

Subdivision of grains into misoriented regions has long
been known to occur in plastically deformed metallic mate-
rials, particularly not only low-angle cell boundaries but
also high-angle ones were observed [1,2]. For some time, it
was assumed that highly misoriented fragments evolve dur-
ing gradual transformation of dislocation cells or subgrains
with increasing strain [3]. The investigations by Rybin and
co-workers have showed, however, that those fragments de-
velop against the background of dislocation cell structure at
considerably larger length scale and demonstrate substan-
tially different crystallographic characteristics [4—7]. It has
been suggested [6,7] that the subdivision of original grains
occurs under the action of internal stresses arising from the
plastic interaction of grains: these stresses lead to a different
slip activity within individual fragments and different rota-
tions of their lattice. The development of interfragment
boundaries, in its turn, was described in terms of partial dis-
clinations [7,8]. Systematic studies of strain-induced micro-
structures have been conducted later by Hughes, Hansen
and co-workers [9—11]. In particular, based on enhanced ex-
amination of misorientation distributions, they confirmed
different nature of cell and fragment boundaries. In their

studies, the fragments are termed cell block, whereas the
fragment boundaries separating regions with different slip
system activity are termed geometrically necessary bound-
aries (GNBs). The cell walls formed by statistical fluctua-
tions are termed incidental dislocation boundaries (IDBs).
In their view, the fragmentation is not caused by the grain-
to-grain interaction. Instead, reduction of strain hardening
and, correspondingly, minimization of stored energy is as-
sumed to stimulate activation of different combinations of
less than five systems within individual cell blocks. Con-
cerning the terminology, it is also worth noting that some
researchers use the term “fragment” in relation not to a cell
block but to much larger domains containing many cell
blocks and highly misoriented on average towards one
other [12,13]. Concurrently with above approaches, many
researchers consider the evolution of the deformation sub-
structure in terms of recrystallization, see, e.g., [14—17].
Correspondingly, the fragmented structure developing un-
der severe deformation is considered as a result of a kind
of continuous dynamic recrystallization [16].

The microstructures developed under large strains
governs work hardening behavior and other properties of
metals and alloys [18-20]. Besides, highly misoriented el-
ements of the deformation microstructure serve as nuclei
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of new recrystallized grains [17,21]. Therefore, the
knowledge of misoriented structures is also necessary in
order to study and model physical mechanisms of recov-
ery and recrystallization. There is extensive literature on
the ultrafine-grain structures formed after very large plas-
tic strains [22]. At the same time, there is no review of
relatively recent studies devoted to the earlier stages of the
fragmented microstructure development occurring at
small to medium strains, up to ~1...2. The present work
is intended to fill this gap. It is noteworthy that the funda-
mental studies of microstructure evolution mentioned
above [1-11] have been carried out mostly by means of
transmission electron microscopy (TEM). It turned out,
however, that essential aspects of the fragmentation phe-
nomenon manifest themselves on the scales, which are too
large for the TEM technique. These scales, particularly the
grain scale, correspond well to the technique of electron
backscatter diffraction (EBSD). Moreover, the latter tech-
nique is ideal for examination of the orientation inhomo-
geneity of microstructures. It is not thus surprising that
later advances in this field are highly connected with
EBSD studies.

Characteristics of a regular cell block structure, which
usually occupies main part of the grain volume, were de-
scribed in many publications (e.g., Refs. [9-11,18]). In
Section 2, those characteristics are specified on the basis
of more recent investigations. In particular, the depend-
ence of microstructure parameters on grain orientation and
the development of secondary microbands against the
background of primary cell blocks are considered. The
main manifestations of fragmentation inhomogeneity aris-
ing at a grain scale and violating the regularity of the de-
formation structure are described in Section 3. The evolu-
tion of misorientation angle distribution at strain-induced
boundaries is discussed in Section 4. Finally, in Section 5,
modeling of fragmentation is considered briefly.

2. REGULAR CELL BLOCK STRUCTURE

Cell blocks form quite regular structure ordered in respect
to alternating misorientations at GNBs. Due to this, a con-
siderable lattice rotation does not accumulate when cross-
ing a grain, unless grain-scale orientation inhomogeneities
arise; the latter will be considered further in Section 3. At
the same time, the crystal geometry of cell block structure
depends on the orientation of grain.

2.1. Orientation dependence

The effect of grain orientation on the microstructure evolu-
tion was studied extensively in the case of rolling because
of its practical importance. In cold-rolled metals, the mor-
phology of cell blocks, alignment of GNBs and character of

their misorientations vary between grains related to differ-
ent stable components of the rolling texture [23-28]. It has
also been shown by the example of cold-rolled nickel that a
significant difference in the rate of the average misorienta-
tion increase exists up to strains € ~ 4 in the regions related
to different texture components [29].

A detailed study of the orientation dependence of mi-
crostructure evolution was performed for face-centered
cubic (FCC) metals deformed by tension [30—33]. In this
case, the occurrence of two-component fiber texture
makes it possible to obtain significantly more representa-
tive data than in the case of rolling. Three types of the mi-
crostructure were identified. In the grains having orienta-
tions of tensile axis in the middle part of stereographic
triangle, a band-like structure forms with the one set of
extended planar cell block boundaries (GNBs), which
traces are approximately parallel (~5°) to a slip plane
traces (Type 1). Differently arranged structures form in
the grains with nearly stable orientations: the cell structure
with very rare GNBs (Type 2) in the grains oriented in a
small area near the [100] corner of triangle, and the com-
plex structure with two sets of GNBs lying far from slip
planes (Type 3) in the grains oriented close to [111] cor-
ner. One general conclusion, which can be drawn from
above-mentioned and some other investigations [23-39],
is that one set of cell block bands form inside most of
grains, whereas more complex structures form in those
grains who find themselves near stable symmetrical orien-
tations already at the beginning of deformation.

The investigations of Cizek and co-workers [35-38]
give insight into the orientation dependence of micro-
structure evolution during hot deformation. The sub-
structures formed in hot rolled austenitic Fe—30wt.%Ni
model alloy within the grains corresponding to various
texture components at strain up to 0.8 were relatively ho-
mogeneous and appeared to display a similar general
character, though quantitative substructure characteris-
tics differed between individual components [36]. Only
the substructure of cube-oriented grains was found to be
qualitatively different in comparison with the rest of the
main components [36,38]: these grains were character-
ized by pronounced subdivision into grain-scale defor-
mation bands separated by high-angle boundaries and
containing coarse low-misoriented subgrains.

EBSD investigations of cold rolled aluminium and its
single-phase alloy conducted by Hurly, Bate and Hum-
phreys [40—42] brought certain corrections to the picture
obtained using TEM analysis. The EBSD examination con-
firmed that cell block bands of alternating misorientation
(referred to as primary bands of cells in those studies) usu-
ally form at small strains. Based on significant statistics, it
has been shown that mean misorientations at the boundaries
of primary bands retain low-angle, they do not exceed ~3°
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up to rolling reduction of 90%. At the same time, no evi-
dence was found for the low-angle GNBs alignment with
slip planes. It turned out that, although the bands were
aligned with the traces of {111} planes when viewed in the
longitudinal plane, they did not align with these planes in
the rolling plane. The cell bands aligned at approximately
35-40° to the rolling direction were observed at rolling re-
ductions of 20% and above. What is especially significant,
these bands do not follow the sample shape change (cor-
respondingly, do not undergo a rigid body rotation) at re-
ductions up to 75%. Therefore, they are transient micro-
structural features, which alignment dynamically adapts to
the external loading. The boundaries of these bands, in
other words, continuously rearrange themselves during
deformation.

It is worth noting that at the grain boundary region the
cell block structures may differ from that observed in the
interior of the grain. According to early studies [43,44], a
reduction in the cell block size and in the cell size is usu-
ally observed as the boundary is approached, while the
level of misorientation between both cells and cell blocks
near grains boundaries is larger on average than within the
grain interior. Therefore, the experiments demonstrate that
the interaction between neighboring grains can have a
considerable effect on the characteristics of cell block
structure in the vicinity of grain boundaries. A research
should be also mentioned, in which the orientation de-
pendence of dislocation structure in surface grain of pure
copper deformed in tension was investigated and com-
pared with that in bulk grain [45].

2.2. Secondary bands

TEM studies of rolled FCC [9,18] and body-centered cu-
bic (BCC) [46,47] metals showed that at a certain stage of
deformation (usually at rolling reductions about 50%) sec-
ondary bands, which were called S-bands, appear that in-
tersect primary ones. Judging by a distortion of primary
GNBs at their intersections by S-bands, a considerable
shear is localized in the latter. Nevertheless, they are not
macroscopic shear bands [47], since their length is gener-
ally shorter than a grain diameter. Similar secondary band-
ing was observed in the above-mentioned EBSD studies
of aluminium [40—42] (the term “microshear band” was
used in those studies instead of “S-band”). In contrast to
low-angle primary bands, high-angle misorientations de-
velop across their boundaries; mean misorientation angle
~20° was reported at true strain of 1.8 [40]. With further
increasing strain, the bands evolve into lamellae aligned
approximately parallel to the rolling plane.

The effect of deformation temperature on the banding
was investigated in Ref. [42]. It has been shown that pri-
mary bands of low angle boundaries are formed at all

temperatures, and their alignment to the sample axes is a
function of strain and temperature, but not grain orienta-
tion. By contrast, the frequency of occurrence of the sec-
ondary bands decreases with increasing temperature; they
were not observed under condition of hot deformation.

A special kind of microbands was observed to form
in cold-rolled interstitial free steel, in grains with orien-
tations near {111}<110> [48], as well as in tensile
strained iron with the development of <110> fiber tex-
ture [49,50]. Bands of this kind cannot be attributed to
“secondary bands”, strictly speaking, since their align-
ment and internal substructure coincide with those of pri-
mary bands. However, unlike primary bands, which
almost always remain low-angle, they exhibit much
greater misorientations. In addition to the alignment and
high-angle misorientations, such microbands share an-
other common characteristic—they form a transition
zone between parts of a grain rotated toward different
end orientations.

3. GRAIN-SCALE INHOMOGENEITY OF
GRAINS FRAGMENTATION

According to the theory of polycrystal plasticity [51,52],
a combination of slip systems operating in a grain is gov-
erned by a constraint from adjacent grains. Therefore, the
influence of grain environment on the grain lattice rota-
tion and evolution of in-grain microstructure is a fact be-
yond doubt. It turned out, however, that Taylor model or
its later modifications cannot account for this influence.
The XRD [53,54] and EBSD [55,56] studies showed that
the evolution of grain microtexture (in-grain orientation
distribution function) depends not only on the initial
grain orientation but also on the specific local neighbor-
hood of the grain. As a result, grains of close orientation,
but different neighbours, may demonstrate mean rota-
tions and fragmentation patterns that vary significantly.
There are also several other studies, whose authors con-
vincingly affirmed the effect of local grain neighborhood
on the in-grain subdivision [26,57-62].

Note that before appearance of distinct fragments, ori-
entation gradients in regions, which sizes significantly ex-
ceed the mean size of cell block, appear from the very be-
ginning of deformation [60—64]. It has been detected that
misorientation decreased linearly from the grain boundary
into the inner part of the grain in interstitial-free steel [60]
and copper [63] subjected to uniaxial tension. An exami-
nation of orientation gradients parallel to and perpendicu-
lar to boundaries suggested that the latter tend to be con-
siderably larger of the two [63]. Detailed examination of
orientation spread within individual grains in interstitial-
free steel using 3DXRD supplemented by crystal plasticity
simulations has been presented in Ref. [61]. The authors
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Fig. 1. Change in the orientation map (inverse pole maps for ND direction are shown) of the same grain with rolling: (a) 50%,
(b) 60%, and (c) 70% reduction. High-angle boundaries (> 15°) are black. Reprinted from Ref. [68], © 2022 The Iron and Steel Institute
of Japan. Available under the terms of the CC-BY-NC-ND 4.0 license.

concluded that the orientation of the grains controls the
identity of the most active slip systems. At the same time,
they confirmed that the relative variations in the activity
of these systems are too big to be explained by the effect
of Taylor ambiguity (the ambiguity in slip system selec-
tion from equally favorable slip combinations predicted by
the Taylor theory). Thus, it must be, again, attributed to
grain interactions. With this in mind, let us continue con-
sideration of the fragmentation phenomenon.

3.1. Deformation banding

A long-known phenomenon related to the large-scale ori-
entation subdivision of grains is the so-called defor-
mation banding. It should be note that term “deformation
band (DB)” is often used by different authors with refer-
ence to completely different band-like features formed in
the course of deformation. Here we use it as it has been
suggested in early studies [65,66], concerning the subdi-
vision of grain into several large domains whose orienta-
tions rapidly diverge during deformation. A regular cell
block structure (see Section 2) evolves within every do-
main depending on the orientation of the latter. Large
size of initial grains seems to promote formation of the
DBs. Theoretical consideration showed that formation of
DBs might be a consequence of an intrinsic instability of
the deformed grained, in particular, a product of Taylor
ambiguity [66]. However, further analysis indicated the
role of grains interaction with their nearest neighbors [67].

The difference of orientations arising between DBs is
usually accommodated within the narrow “transition
bands” [65—67]. These zones of large orientation gradient
play an important role during recrystallization, and for this
reason attracted attention of many researchers [17]. In
early studies, the transition bands were considered only as
sets of low-angle sub-boundaries. Recent studies of low-
carbon steel under cold rolling [68] and iron under com-
pression [69] showed that these sets might transform to the
high-angle boundaries with increase of strain. One can see

an example of such a transformation in Fig. 1. It has been
shown [68] that slip deviating from the Taylor model is
activated within the DBs.

The DBs may not have a pronounced band-like shape,
as can be seen, for example, from Fig. 1. At the same time,
true grain-scale bands arise in many cases. In particular, this
happens during shear deformation under condition of equal
channel angular pressing [69-72]. Detailed investigation of
such banding has been carries out by example of large-
grained Nb polycrystal deformed by compression [73]. Af-
ter each deformation step, one grain was characterized us-
ing EBSD. It has been shown that the appearance of orien-
tation gradient after 5% reduction precedes the generation
of DB after 11.5%. The latter involves the splitting of the
band, in which an orientation gradient is concentrated, into
two “rotation fronts” moving in opposite directions. A
mechanism for the initiation of a band is suggested in [73],
which is associated with the long-range internal stresses de-
veloped in the regions of orientation gradient.

Another investigation of the early stage of fragmenta-
tion is worth noting. The examination of polycrystalline
copper deformed by tension to a strain of ~ 0.25 [74,75]
showed that lattice rotations within some coarse domains
of original grains are consistent with the prediction by the
full-constraint Taylor model. At the same time, finer do-
mains were also observed in this study near original grain
boundaries. Analysis of lattice rotations showed that the
grain interaction plays determining role in their formation.

3.2. Regions of intensive fragmentation

Concurrently with the formation of regular cell block
structure and grain-scale deformation banding, rather fine
and highly misoriented fragments form in certain areas of
deformed grains. Although these regions of intensive (se-
vere) fragmentation may occupy quite small fraction of
the area of a grain at medium strains, they give major con-
tribution to the accumulation of strain-induced high-angle
boundaries.
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Depending on the material and deformation condi-
tions, the inhomogeneity of fragmentation may take vari-
ous forms. Among them are the following:

1) Isolated fragments, which, as a rule, are adjacent to
grain boundaries and extended along them; these features
have been described in detail by example of cold rolled
interstitial-free steel [77], and also were observed in ten-
sile strained iron [50].

2) The sets of microbands described in Section 2.2.

3) Regions of severe fragmentation, which are clusters
of fine fragments formed predominantly near original grain
boundaries; they were observed, for example, in austenitic
steel deformed by warm rolling [77] and in tensile-strained
copper, both after cold and warm deformation [78].

4) The transition zones formed between DBs in tensile
strained iron [50,79].

Concerning the latter, transition zones of three differ-
ent types have been described in Ref. [49]. The first are
the ordinary transition bands (see Section 3.1) accommo-
dating a high orientation misfit by a set of low-angle
boundaries, which can transform further into a high-angle
boundary. Two other types are (i) zones with pronounced
crystal fragmentation (Fig. 2a), and (ii) the families of par-
allel alternatively misoriented microbands (Fig. 2b). In
both cases, these zones provide accommodation of the
large orientation difference between the grain-scale DBs
marked by I and II in Fig. 2.

Probability of occurrence and character of the frag-
mentation inhomogeneity depend on the material and the
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deformation conditions [78,79]. For example, the inten-
sive development of DBs observed in tensile-strained iron
having <110> fiber texture is probably due to the well-
known peculiarity of BCC crystals deformed by uniaxial
extension along <111> axis [80]. In this case, the same
longitudinal deformation of constitutive grains is accom-
panied by different strains in the transversal plane, which
causes strongly inhomogeneous deformation of the grains,
including their bending.

4. EVOLUTION OF MISORIENTATIONS AT
STRAIN-INDUCED BOUNDARIES

The distributions of IDB and GNB misorientation angles be-
come wider and their average angles increase with increasing
strain. At relatively small strains, when scaled by the average
angles, they come to a single gamma distribution for each
boundary type, f; for IDBs and f, for GNBs [10,81]. The
IDB misorientation distribution retains the scaling in the
whole strain range. In contrast, the GNB distribution does
not scale at strains of larger than ~ 1 because high angle
strain-induced boundaries develop, whose misorientation
angles fall far beyond the range of f, [11,82,83]. Concern-
ing the case of rolling, it was suggested that boundaries of
this type develop when adjoining fragments rotate towards
different preferred final orientations [11]. However, it
turned out that such boundaries develop as well when a one-
component texture forms, for example, in copper deformed
by compression [84]. It has been shown by examples of
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Fig. 2. EBSD maps of two areas of iron specimen deformed by tension to true strains 0.95 (a) and 1.15 (b). Longitudinal section of the
specimen is shown. The maps are colored according to orientation of tensile direction (TD) on the inverse pole figure; initial grain
boundaries (GB) are indicated by arrows. Misorientation distributions along white line segments are inserted below the maps. Reprinted

with permission from Ref. [50], © 2022 Elsevier Ltd.
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compressed copper [84] and iron [85] that the high-angle
strain-induced boundaries with misorientations falling be-
yond the range of f, can be described using another gamma
distribution, f, (Fig. 3). A relative contribution of f, re-
mains approximately constant or becomes even smaller
with increasing strain, whereas a contribution of f, in-
creases gradually [84]. Therefore, the most significant fea-
ture of the misorientation evolution at strains € > 1 is an ac-
celerated development of partial distribution f,. The
boundaries producing f; seem to result from an increasing
divergence of orientations of neighboring fragments. When
this divergence reaches a certain point, significantly differ-
ent slip patterns may be activated on both sides of the
boundary. At this instant, its misorientation begins to rise
with a much higher speed than before, and thereby this
boundary passes from distribution f, to f;.

The scaling behavior of strain-induced misorientations
has a physical significance, since it indicates that a physical
mechanism remains unchanged when changing conditions
of plastic deformation. With this in mind, the misorientation
distribution of strain-induced boundaries were examined re-
cently [78,86]. Note that the scaling of GNBs has been
proved using TEM through their visual separation from
IDBs. The EBSD technique does not allow one to make
such a separation and, for this reason, an approximate solu-
tion of this problem based on crystallographic characteris-
tics of GNBs has been used. A tensile experiment was con-
ducted with polycrystalline copper deformed under three
different conditions: at a constant strain rate at room tem-
perature and at 400 °C [78] as well as at a constant stress at
400 °C [86]. Appropriately normalized angle distributions
are shown in Fig. 4. It is seen that a scaling of misorienta-
tions remains for three conditions studied. This suggests
that, in spite of recovery and recrystallization occurring at
400 °C, the mechanism of strain-induced boundary evolu-
tion within non-recrystallized part of the material remains
the same as it was under cold deformation.

One more peculiarity of the misorientation at the bound-
aries developed in plastically deformed materials should be
mentioned: a substantial variation of misorientation along
an individual boundary [84,87]. Such a variation can be de-
scribed, in particular, as a distribution of disclination den-
sity on the boundary surface. A method for the recovery of
components of the disclination density tensor from EBSD
maps was suggested [88,89], and extensive presence of
disclination densities has been revealed in various materi-
als at low and high-angle boundaries as well as at triple
junctions [88-90]. At the same time, the numerical approx-
imation method applied in those studies to the mapped ori-
entation data remains the subject of debate [91].

A calculation of the strength of triple junction discli-
nations from the EBSD data was developed recently [92].
The authors fulfil these calculations based on the mean
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Fig. 3. Representation of misorientation angle distribution
across strain-induced boundaries in copper deformed by com-
pression to € = 1.3 (crosses) together with the results of mod-
elling partial distributions f,, f, and f; (colored lines). Black
line indicates the sum of the partial distributions. Enlarged im-
age of part of the plot is inserted. Reprinted from Ref. [84] with
permission, © 2018 Elsevier Inc.
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Fig. 4. Scaling behavior of misorientations across GNBs for cop-
per deformed under different conditions: at a constant strain rate at
room temperature (I) and at 400 °C (II), at a constant stress at
400 °C (III). The graph shows probability density p(6/0,,) cal-
culated for angular range 4°...25° as function of normalized mis-
orientation; 0, is the average misorientation angle over the given
angular interval. Reprinted from Ref. [86], © 2024 The Authors.
Available under the terms of the CC-BY-NC 4.0 license.

orientations of reconstructed “grains” (the elements of de-
formation substructure with a misorientation that exceeds
a given critical value). It is thereby assumed that a misfit
of boundary misorientations is concentrated in the triple
junctions. However, in reality, as indicated above, this
misfit is distributed along the boundaries.

5. MODELING OF GRAIN FRAGMENTATION

In conclusion, let us review very briefly the current state of

the mathematical modeling of the fragmentation process.
The first attempts to develop a theory were connected

with a consideration of partial disclinations associated
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with broken (uncompleted) sub-boundaries [7,8,93]. In-
deed, the displacement of such disclinations across a
crystal results in the subdivision of the latter into misori-
ented parts. The nucleation of the broken low-angle
boundaries was suggested to take place near correspond-
ing stress concentrators, in particular, at the “junction
disclinations” [6] proved to be a result of inevitable in-
compatibility of plastic strain at grain boundaries. Using
the disclinations, a model has been later developed by See-
feldt et al. [94] for the modeling of the initial stage of grain
subdivision and texture development. The above-men-
tioned idea on the role of junction disclinations has been
realized in the model of Orlova, Nazarov et al. [96,97],
where accumulation of disclinations at junctions of a
grain embedded in a homogeneous effective medium was
calculated by the viscoplastic self-consistent model.
These disclinations then relax by the formation of sub-
boundaries, which further subdivide the grain into frag-
ments. The predicted evolution of misorientation angles
at the fragment boundaries with strain reasonably agrees
with experiment [97].

The disclination-based approach is undoubtedly useful
when applied to the propagation of microbands [93,95].
However, in general it is not very efficient for modelling
of grain subdivision, because the internal stress field that
controls the grain subdivision seems to depend largely on
the incompatibility appearing at facets of grain boundaries
rather than at their junctions [104—106].

A model of Toéth et al. should be mentioned [98]. It
comes from the fact that the rotations of crystallographic
planes are impeded near the grain boundaries, so the rota-
tions are significantly smaller there than in the middle part
of the grain. This can actually take place as a result of the
distribution of geometrically necessary dislocations inside
relatively soft grains adjacent to harder grains [17]. How-
ever, in general, such a pattern of crystal rotations does not
agree with experiment [99—101]. Recently, the model has
been suggested [102], which considers the process of grain
refinement in terms of dynamic recrystallization [13]. This
approach seems to contradict, however, the experimental
results presented in Section 4, which show that physical
mechanism of fragmentation does not change with the in-
crease of deformation temperature from ~ 0.2 to 0.5 of
melting point.

Given all complexities involved in phenomenon of
fragmentations, the modeling by means of crystal plas-
ticity finite element (CPFE) technique is the most prom-
ising now [19-21,107]. At the present stage of develop-
ment, even this approach seems unable to reproduce key
features of the fragmentation patterns, which were con-
sidered in the review. At the same time, together with ex-
situ and in-situ observations of crystal rotations inside
individual grains (e.g., Ref. [62]) providing validation of

the calculation results, the CPFE modeling can be al-
ready used for reproducing an early stage of grain frag-
mentation.

6. SUMMARY

The review can be summarized as follows.

Band-like regular cell block structure developed
within grains is orientation dependent: the alignment of
GNBs, the level of misorientations, the cell size and shape
vary between grains related to different texture compo-
nents. At the same time, above parameters differ at the
grain boundary regions and in the grain interior due to the
interaction between neighboring grains. EBSD investiga-
tions of cold rolled aluminum showed that primary cell
block bands retain low-angle up to large rolling reductions
and do not undergo a rigid body rotation. Therefore, their
alignment dynamically adapts to the external loading. In
contrast, the boundaries of secondary bands become high-
angle with increasing strain and undergo rigid body rota-
tion. With increasing temperature, the frequency of occur-
rence of the secondary bands decreases.

The subdivision of grains into several large domains, the
so called “deformation bands”, whose orientations rapidly
diverge during deformation, is observed. Such a grain-scale
fragmentation and corresponding development of grain mi-
crotexture usually cannot be explained by the effect of Tay-
lor ambiguity and must be attributed to the interaction of
neighboring grains. The difference of orientations arising
between the deformation bands is accommodated within the
transition zones of various types. Strain-induced high-angle
boundaries form predominantly inside these zones. The re-
gions of intensive fragmentation, where fine and highly
misoriented fragments are concentrated, may also take other
forms. Although these regions occupy small fraction of
grain volume, they give major contribution to the accumu-
lation of high-angle boundaries.

At relatively small strains, the distribution of misori-
entation angles at GNBs, when scaled by the average an-
gle, is described by a single distribution. However, at
strains ~ 1 and larger the high-angle boundaries develop,
whose misorientation angles fall beyond the range of those
distribution. The misorientation angles at such boundaries
are described using another unique gamma distribution.
By example of tensile strained copper, the scaling of mis-
orientations was demonstrated to occur not only with in-
creasing strain but also with changing conditions of defor-
mation, including the increase of deformation temperature
from ~ 0.2 to 0.5 of the melting point. This suggests that
the mechanism of strain-induced boundary evolution re-
mains the same within this temperature range.

Concerning computer simulation of the fragmentation
process, the CPFE modeling coupled with experimental
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observations of crystal rotations inside individual grains
seems to be the most promising.
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Oco0eHnocTH pparMeHTANNM 3ePeH B MPoLecce MIACTHYEeCKOro
ne¢opMHUpPOBAHUS METAJJIOB IIPH MAJIBIX U CPEAHUX CTENEHAX

neopmanuu

H.IO. 3on0T0peBckuii

Ouzuko-mexannueckuit nHeTuTyT, Cankr-IlerepOyprekuii monurexundeckuii yausepcutet [lerpa Bennkoro,
[Nonurexunueckas yi., 29, Cankr-IlerepOypr, Poccus

AHHoTanus. O630p MOCBAIICH SABICHUIO ()parMeHTalMK: Pa30MEHNIO HCXOAHBIX 3€PEH Ha CUIIBHO Pa3OPUEHTHPOBAHHbIE KPUCTAN-
JIMTHI B IIpoliecce gedopManiy. PaccMoTpeHs! II1aBHBIM 00pa3oM HCCIIeI0BaHNs, BHITOJIHEHHBIC B TIOCIICIHUE JBAALIATD JIET, IIPH STOM
HPECTABIIIM HHTEPEC OTHOCUTEIILHO PAHHUE CTaJMH 3BOTIOLMH (PParMEHTHPOBAHHO CTPYKTYPBI. XapaKTEePUCTUKN HEOTHOKPATHO
OTMCAaHHON paHee YMOPSA0YEHHOH CTPYKTYPHI, COCTOSIIEH U3 OIOKOB siueeK, KOHKPETU3UPOBAHBI HA OCHOBE OoJee MO3HUX MyOiH-
Kalui, B TOM 4HCIe, OPUEHTALIMOHHAs 3aBUCUMOCTb CTPYKTYpPBI M ()OPMUPOBAHHE MEPBUYHBIX M BTOPHYHBIX MHKporosnoc. Kpome
TOT0, PACCMOTPEHBI KPYIHOMACIITAOHbIE MPOSBICHUS (parMEeHTAlNH, 30HBI MHTCHCUBHON (hparMeHTAIMH, a TAKXKE 3BOJIOLUS pac-
Hpe/eNeHns pa3opHEHTalMi IPH YBEINYCHUH CTEHEHH M M3MEHEHUH yCJIoBHH JedopMmanuu. B 3akmodeHnu kpatko oOcyxknaercs

MO/IeNIMPOBaHHE GparMeHTaLUH.

Kniouesvie cnosa: ninacrudeckas nedhopMarys; MUKpOCTPYKTYpa; TEKCTYpa; AUCIOKALMK; TU(paKIus 00OpaTHO PACCESIHHBIX HIIEK-

TPOHOB.
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