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Currently, submicrocrystalline (SMC) metals and alloys obtained using se-
vere plastic deformation (SPD) techniques are of increasing interest to re-
searchers. In the present work, we focus on the study of materials with a dis-
orientation spectrum dominated by large-angle grain boundaries, i.e., not mi-
crofragmented, but nano- and micrograin materials—SMC materials in our
terminology. The fundamental importance of the dominance of the high-
angle grain boundaries (HAGBs) in the spectrum of grain-boundary disorien-
tations is due to the exceptional role they play in the formation of the unique
properties of SMC materials. As it will be shown in this paper, a special prop-
erty of the HAGBs (in contrast to low-angle grain boundaries) is their ability
to transition to a nonequilibrium state during SPD and to maintain this state
for a certain time after deformation, which is the cause of many, if not all,
special physical and mechanical properties of SMC materials.

Key words: severe plastic deformation, nanostructure, fragmentation, ul-
trafine-grained structure.

Huni cyomikporpucraniuni (CMK) meTanu Ta cromm, ogep:kaHi 3 BUKOPUC-
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BUBUEHHI MaTepifAiB 3i CIIeKTpoM [AesopieHTAaIliii, y SKOMY AOMiHYIOTH BeJIHU-
KOKYTOBiI Mexki 3epeH, ToOOTO He MiKpo(dparMeHTOBAaHMX, a HaHO- i MiKpose-
peuHux MarepianiB — CMK-marepianis y mamriii Tepminosorii. Ilpuniiunose
3HAUEHHs NOMiHYBaHHS BUCOKOKYTOBuUX MexX (BKM) y cumexTtpi mesopieHTarii
Me)K 3epeH MOB’A3aHe 3 BUHATKOBOIO POJIIIO, SKY BOHU BifirpaioTh y dopmy-
BaHHI yHikaapHUX BaactuBocTeii CMK-marepianis. Ak Oyae mokasamo B JaHii
cTarTi, ocodmmBa BaactuBicts BKM (Ha BigMiHy Bif MaIOKyTOBUX MeX) — ixX-HA
3aTHICTh IePeXOAUTH B HepiBHOBasKHUII cTaH mix uac IT1]1 i 36epiraTtu et cran
YIPOIOBIK IIEBHOTO Uacy IIicjsd aedopmaitii, 10 € TpUYNHOI 0araTbox, AKIIO He
BCiX, 0co0uBUX (isuKo-MexaHiunux BaactuBocteit CMK-maTepisaiis.

Karouori cropa: iHTeHCMBHA IIacTU4YHa ngedopMallis, HAHOCTPYKTYypa,
dparmMeHTaIida, yabTpaapiOHO3EepHUCTA CTPYKTYpA.

(Received 30 January, 2024; in final version, 8 July, 2024 )

1. INTRODUCTION

When describing the structure of submicrocrystalline (SMC) materi-
als, it is necessary to pay attention to the special state of other lattice
defects—vacancies and dislocations. Although, in contrast to nonequi-
librium grain boundaries, the role of these defects in the formation of
properties is not determining, a number of peculiarities are observed in
their behaviour.

If we start with point defects, first of all, we should note the excep-
tionally high concentration of nonequilibrium vacancies after SPD.
Sometimes their concentration level reaches C, = 10~ [1, 2]. It should
be noted that these nonequilibrium vacancies are quickly annealed at
long holding time or temperature increase and their contribution to the
changes in the properties of SMC materials is usually insignificant.

Interesting features are also observed in the dislocation subsystem of
SMC materials. First, it is a very high density of dislocations, the level
of which is of ~ 10'® m?2, which is two orders of magnitude higher than
the usual one [3-7]. Secondly, due to the small grain size in SMC
materials, there are difficulties in the operation of conventional intra-
grain sources of dislocations. The main mechanism of generation (nu-
cleation) of dislocations in SMC materials is their generation from
grain boundaries. This can lead to the emergence of special mesostruc-
tural regions—‘regions of zero charge’, the size of which exceeds the
grain size (in contrast to conventional materials, where the region of
zero charge, as arule, is equal to the grain size).

Thirdly, despite the high density of dislocations, due to the small
size of grains, very a few dislocations are contained in the grain body,
and, during equal-channel angular pressing (ECAP), they do not form
complex ensembles and clusters in the lattice and move through the
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grains quite freely [8-12].

And, finally, the main thing: not only the generation of disloca-
tions, but also the kinetics of dislocation motion in the grains and their
‘disappearance’ necessary to provide strain accommodation is deter-
mined by the interaction of dislocations with grain boundaries. This
process is the key to understand the peculiarities of deformation be-
haviour of SMC materials.

In the case of SMC materials, all types of defects contribute to the
deformation behaviour and structure evolution, but, in our opinion,
nonequilibrium grain boundaries play a determining role. The descrip-
tion of the behaviour of nonequilibrium grain boundaries and their in-
teraction with lattice dislocations is the key to understand the struc-
ture and properties of SMC materials.

Thus, the object of our study from the structural point of view are
materials with a homogeneous submicrocrystalline structure with a
spectrum of disorientations dominated by large angular grain bounda-
ries, which (to ensure special physical and mechanical properties of the
material) are in a nonequilibrium state.

2. PHYSICAL PROPERTIES OF SMC MATERIALS

Speaking about the physical properties of SMC materials, the most
common are physical, electrical and thermal properties.

In Ref. [13, 14], a change—‘shift’—of the Curie temperature by 36°
(i.e., approximately by = 6%) and a ‘shift’ of the saturation magnetiza-
tion value (by more than 30%) in the SMC nickel and iron were de-
scribed. Except for the authors of the above-mentioned works, no one
has ever recorded such ‘shifts’. In our opinion, the ‘effects’ detected in
[13, 14] are the result of insufficient care in setting up the experiments.

Note that the effect of a change in the Curie temperature was diffi-
cult to expect, since phase transitions of the second kind are associated
with rearrangements in the electronic subsystem. Such rearrange-
ments are very likely in dislocation nuclei and grain boundaries, but
the fraction of the material in them in SMC structures is very small
and cannot have a noticeable effect on the results of magnetic property
measurements. Note also that, when heated to the Curie temperature
(400°C for nickel, for example) due to the intense return of the defect
structure, the density of dislocations ‘returns’ to the usual level, the
grain size grows significantly and ceases to be submicron. Thus, any
reasonable reason (under any bold assumptions about the role of de-
fects) for the Curie temperature change disappears.

In a number of works [13, 15], another ‘shift’ has been recorded—a
2—4 times’ increase of the coercivity after ECAP.

The ‘shift’ of the coercive force by several times compared to the
undeformed state, as well as the intensive return of the coercive force



86 B.S. ABDRASILOV and B. B. MAKHMUTOV

value during annealing, are quite typical for highly-deformed struc-
tures [16-21] and are not a specific effect related specifically to the
ECA deformation and the creation of SMC structures.

It is known that the free path length of electrons in metallic materi-
als, as a rule, does not exceed several nanometres. This value is signifi-
cantly smaller than the characteristic size of the structural elements of
SMC materials (2 100 nm). This means that the fundamental electrical
properties of materials cannot change after ECAP.

In experiments, a noticeable increase (‘shift’) of electrical resistivi-
ty, which sometimes reaches ten percent at room temperature, is often
observed. This is because the large density of lattice defects in SMC
materials affects the electrical conductivity. The magnitude of the
conductivity changes associated with lattice defects can be easily esti-
mated using tabulated values of the resistivity of lattice defects. For
copper, for example, the resistivity of defects is equal to the following,
respectively: for vacancies, D,=2-10"® Ohm-m per 1% of vacancies, for,
dislocations D,=2.810Ohm-cm?®, and for grain boundaries,
D,=4-10'20hm-cm?.

At the limiting values of defect concentration in SMC copper, grain
size d =200 nm, dislocation density r,= 10! em? and vacancy concen-
tration C, =107, the defect-related increase in electrical resistivity at
room temperature reaches = 2.5-10"° Ohm-cm, which is of about 10% of
the standard value. The relative contributions of various lattice de-
fects to this change are as follow: the contribution of grain boundaries
is of =2:10° Ohm-cm, the contribution of dislocations is of 2.3-107%°
Ohm-cm, and the contribution of vacancies is of about 2:107!° Ohm-cm.

It follows from the estimates that the main role in the experimental-
ly measured ‘shift’ of electrical resistivity in SMC materials is played
by grain boundaries [22-25].

It also follows from the estimates that the effect of the ‘shift’ of the
electrical resistance level after ECA deformation observed in the ex-
periments is trivially described within the framework of traditional
ideas about the influence of defects on the electrical conductivity of
metal and is not a specific property of SMC materials.

The thermal properties of SMC materials are usually studied by dif-
ferential scanning calorimetry (DSC)[1, 2, 26]. The magnitude of heat
release during heating of SMC materials with an initial grain size of
=0.1x0.2 um?is at the level of =1 J/g [27]. This is a rather high value
and one can speak about some ‘shift’. In accordance with classical ideas
[42], heat generation during heating is related to the return of defect
structure. The contributions of various types of defects to heat release
are calculated based on standard estimates of the energy of individual
defects. It is known that the energy per unit length of a lattice disloca-
tion is ~ CA%/4n(1 - v)In(R/ro), and the energy per unit area of a grain
boundary is y, = Gv/24 [28]. Using these values and determining exper-
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imentally the values of structural parameters (grain size and disloca-
tion density), it is not difficult to determine the contributions to heat
release associated with each type of defect. The difference between the
calculated value and the experimentally measured value is usually as-
sociated with the contribution of vacancies. Taking the energy of va-
cancy formation equal to = 10£T,, [45], the corresponding vacancy con-
centration is determined. In SMC materials, it turns out to be at a high
level, but in general, reasonable for highly deformed structures:
C,~10"[1, 2]. Estimates show that the observed ‘shift’ in heat release is
a trivial effect associated with the increased defectiveness of NMC ma-
terials. This is also evidenced by the fact that the shape of the DSC heat
release curves (and the scale of the effect) is similar to the DSC curves
obtained for conventional highly deformed structures [15].

So, in materials subjected to ECAP, some ‘shifts’ in the parameters
characterizing physical properties are indeed observed, compared to
undeformed materials. However, and this is important to emphasize,
these changes are quite trivial. They fully correspond to the expected
and easily calculated within the framework of classical con-
cepts—changes in structure-sensitive parameters, when defects are
introduced into the material. As a rule, the scale of these changes cor-
responds to the scale of changes in the specified parameters in materi-
als subjected to deformation by other methods. As a rule, the observed
‘shifts’ are associated not only with the small grain size of SMC mate-
rials, but also with an increased density of lattice dislocations and a
high concentration of vacancies [29-33].

Thus, the mentioned ‘shift effects’ of physical properties in SMC
materials occur, but are trivial. Note that their study can help in solv-
ing problems of estimating the density of individual types of defects,
especially, in the case of complex use of different methods.

At the same time, it should be noted that, in SMC materials, a num-
ber of effects are observed that are characteristic only of this group of
materials. Such effects are observed in SMC materials in the case,
when the process under study depends on several parameters, which, in
turn, depend differently on the grain size d. In the case, where a
change in d leads to multidirectional changes in parameters, a situa-
tion is possible, when, at a certain d*, a maximum or minimum appears
in the dependence of process parameters on grain size. An example of
such an effect is the behaviour of SMC materials during deformation in
the superplasticity regime. This effect is manifested in the fact that
maximum plasticity is observed not in metals with smaller grain siz-
es—as follows from traditional ideas about the mechanisms of super-
plasticity [34, 35], but in materials with an ‘intermediate’ grain size d,
lying close to 1 um [36—39]. This result is inexplicable within the
framework of the classical theory of superplasticity [34, 35].

Another example of a similar effect is the amazing property of some
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SMC materials, under tensile conditions at room temperatures, to sim-
ultaneously show a significant increase in strength and increase in duc-
tility [3, 40, 41-43]. In conventional materials, an increase in strength,
as a rule, leads to a decrease in ductility, and in some SMC materials,
and specifically in the grain size range of 0.5-1 ym, a simultaneous in-
crease in strength and ductility at room temperature is observed.

The third example very widely discussed in the literature [44—-46] is
associated with the behaviour of the yield stress of SMC materials. In
accordance with the generally accepted model, the yield strength is re-
lated to the grain size by the Hall-Petch relation or=co+ K/d'/2, and,
therefore, a decrease in grain size d should lead to an increase in the
yield strength or [44]. However, in the field of SMC materials, this law
ceases to be observed. In some cases, a weak dependence of or on d is
observed [45, 46], and, in other cases, an inverse relationship is ob-
served: the smaller d, the smaller o1 [46, 47].

Thus, as can be seen from the brief analysis, SMC materials have
special properties and a whole range of specific effects are observed in
them, which makes it possible to distinguish these materials into a sep-
arate class of structural materials.

Separately, we should touch upon the problem of the formation and
thermal stability of the structure of SMC materials during SPD and
subsequent annealing. It should be noted that most of the experimental
results obtained related to the study of diffusion-controlled processes
in SMC materials are incomplete and contradictory. Often, for the
same metal obtained by the same SPD method under the same condi-
tions, conflicting data are provided on the influence of grain size and
the state of grain boundaries on the nature and kinetics of diffusion-
controlled processes, the influence of the structure of grain boundaries
on mechanical, diffusion, magnetic, electrical, and other properties.
This does not allow us to systematize the results and build correct the-
oretical models that describe the patterns observed in experiments and
provide a satisfactory comparison.

A particularly difficult situation arises in the issue of describing
diffusion-controlled processes of grain dispersion, recrystallization
and decomposition of the solid solution in SMC materials.

Currently, there is a fairly large number of works in the literature
devoted to the study of the laws of the process of dispersion of the
structure of metals during SPD [3, 13, 46]. As known, developed plas-
tic deformation is accompanied by intense fragmentation—the for-
mation of misoriented microrange-fragments in the material [48]. As
deformation occurs, the misorientation of fragments increases, and
their sizes gradually decrease, reaching a certain minimum value d-,
which is usually called the limit of deformation refinement or the limit
of grain dispersion [48].

Analysis of literature data [3, 48, 49] shows that the value of the
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dispersion limit d* depends on the structure and properties of the ma-
terial, as well as on the selected SPD mode: the deformation pattern,
its rate and temperature.

One of the most important factors is the deformation temperature.
Its influence on the dispersion limit has been studied in detail for the
aluminium and magnesium alloys [50, 51]; isolated studies have been
carried out for copper [562], iron [53], nickel [54], titanium [55], etc.
Generalization of these data allows us to conclude that the value of the
dispersion limit d* monotonically increases with increasing defor-
mation temperature.

Studies by a number of authors [3, 51, 52] show that the dependence
d*(T) in some cases has a two-stage character. In the temperature range
above temperature T, which can conventionally be called the recrys-
tallization temperature during ECAP, d* increases with increasing
temperature very intensively. In a number of works, the authors note a
more complex nature of the dependence of d* on the SPD temperature,
which, according to the authors of Ref. [56], is caused by a change in
the mechanisms of grain refinement with increasing temperature.

To describe the features of structure formation in metals and alloys
during SPD, noteworthy works are those that consider the fragmenta-
tion process from the point of view of the concept of dynamic recrystal-
lization during SPD [54], works that describe the process of grain
structure refinement and the formation of high-angle grain bounda-
ries using methods for numerical modelling of the nucleation and fur-
ther development of low-angle subboundaries [57], ideas about the pe-
culiarities of fragmentation processes at the mesolevel, the possibility
of calculating the value of the limit of grain dispersion based on ideas
about the accommodative nature of the SPD process. They deserve spe-
cial attention and theoretical works based on the traditional language
of the theory of disclinations in solids [58].

Thus, despite a large number of experimental works devoted to
studying the process of formation of SMC structures using SPD meth-
ods, the question of the mechanisms of fragmentation of the grain
structure of metals and alloys, as well as the question of the reasons for
the existence of the grinding limit and the theoretical calculation of its
value have not yet been resolved. In our opinion, among the key theo-
retical questions, which should be clarified in this discussion, is the
question of the mechanism of formation of large grain boundaries dur-
ing SPD, without an answer to which, further discussion about the
mechanisms of fragmentation during SPD is very difficult [69-63].

3. CONTINUOUS DYNAMIC RECRYSTALLIZATION

In recent years, a large amount of experimental evidence has appeared
for the formation of BAB during deformation through the rotation of
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Fig. 1. Increase in the misorientation angle of grains with increasing degree
of hot deformation in the aluminium—copper alloy (¢ is the degree of defor-
mation, N is the number of measurements, 0 is the average misorientation
angle) [65].

subgrains (Fig. 1). In this case, the microstructure is formed quite ho-
mogeneous throughout the entire volume of the material, and it is dif-
ficult to identify specific places of nucleation and growth of nuclei.
This phenomenon is classified as continuous dynamic recrystallization
(CDR) [64]. The phenomenon of CDR has been much less studied com-
pared to DDR; this is due both to the difficulties of identifying the on-
set of recrystallization (the study became possible only with the devel-
opment of EBSD technology) and to the need to create a high level of
deformation in the material, which is not realized in simple tensile or
compression experiments. Most often, an SPD is required to begin the
CDR process. To date, the overwhelming number of works devoted to
the study of CDR processes is related to SPD processes.

Basic experimental facts about CDR (Fig. 2)[66] are as follow.

1) LPC has the form of a curve with saturation (Fig. 2, a), in some
materials the appearance of one peak is observed, but more often there
is no peak. The total strain accumulated over several cycles is most of-
ten plotted along the strain axis. The flow stress at the steady stage de-
creases with increasing temperature [66] increases with increasing
strain rate [67] and does not depend on the initial grain size [68].

2) The average value of grain misorientation increases with increas-
ing degree of deformation; low deformation rates accelerate this pro-
cess [69]. However, there are stable misorientations that do not trans-
form into HAGBs [66] (Fig. 2, b).

3) The transformation of LAB into HAGBs occurs as a result of a
gradual increase in misorientations (HIM), rotation of the lattice near
the grain boundary (LRCA) or the formation of microbend bands
(MSBs), as shown schematically in Fig. 2, c[70].

4) The average grain size decreases with increasing deformation and
reaches a saturation value at high degrees of deformation (Fig. 2, d). In
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Fig. 2. Schematic representation of typical experimentally observed phenom-
ena during CDR: DDR (a); change in the average value of CA rotation at ele-
vated (> 0.5T,,) temperatures (b); transformation of LAGBs into HAGBs with
a homogeneous increase in the misorientation angle, rotation of the lattice in
the boundary region, or formation of ROP (thin lines indicate LAGBs, thick
lines indicate HAGBs) (¢); evolution of the average grain size with increasing
degree of deformation (d) [71].

this case, the preservation of individual initial grains, favourably ori-
ented to stress, is observed, even at high degrees of deformation. Re-
ducing the initial grain size can lead to acceleration of the kinetics of
grain refinement at high degrees of deformation. In this case, the
method of strain accumulation has a very weak effect on the kinetics of
the CDR process [65].

5) At high degrees of deformation during CDR, a strong crystallo-
graphic texture is formed in the material [65, 72].
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CDR with a Gradual Increase in Grain Misorientation. At relatively
high deformation temperatures (>0.5T.), as a rule, a homogeneous
microstructure is formed; deformed grains or shear bands are formed
less frequently than during cold deformation. Under these conditions,
the CDR process begins due to the accumulation of dislocations in the
MG, because of which their misorientation increases until a critical
angle is reached (= 15°). Since it is difficult to track changes in the
misorientation of an individual boundary, as a rule, they talk about the
average value for the ensemble. A similar mechanism is observed ex-
perimentally both during deformation of a polycrystalline material
and in the case of single crystals.

This type of dynamic recrystallization (DR) is observed during SPD
with degrees of deformation of 2 and higher. The mechanism of occur-
rence is the formation of dislocation cells, which are transformed with
increasing degree of deformation into subgrains and finally into grains
(Fig. 3). Figure 3 shows the experimental dependences of grain size,
average grain misorientation angle, and dislocation density at sub-
boundaries during hot all-round forging of pure copper [72].

CDR during Progressive Lattice Rotation near Grain Boundaries.
There is evidence that CDR can occur through progressive rotation of
subgrains adjacent to pre-existing grain boundaries. This process is
similar to the so-called rotational recrystallization described for many

— 4
= 04 N Cu 300K
=
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S 1.2 /—\
z
a 1.0
0 2 4 6
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Fig. 3. Dependences of grain size, average grain misorientation angle and dis-
location density in subboundaries during hot all-round forging of pure 4N
copper [72].
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crystalline materials [73].

Today, a simple mechanism has been proposed to explain the for-
mation of new grains during hot deformation of h.c.p. metals (Fig. 4)
[74]. Deformation in h.c.p. materials is inhomogeneous due to the ab-
sence of independent slip systems; therefore, local shear often begins
near the grain boundary (Fig. 4, a). As the local shear develops, the CA
rotates. In this case, the flowing DW (Fig. 4, b) promotes the formation
of new small subgrains near the original CA (Fig. 4, ¢). As a result, the
accumulation of a large number of subgrains leads to their merging
and the formation of new grains surrounded by HAGBs. Figure 5
shows photographs of the microstructure formed according to the
above mechanism [69, 74].

In Ref. [75], models of CDR micromechanisms were developed that
predict the grain size distribution, the evolution of the misorientation
angle, the crystallographic texture, and the strain hardening of the
material during hot intense deformation. The main assumption of
these models is that the lattice inside the individual grain is not homo-
geneous during severe deformation. Near the grain boundary, local
lattice distortions arise due to the accumulation in the grain bounda-

Fig. 4. Schematic representation of the formation of a chain of small grains
along the CA in magnesium [74].
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m

Fig. 5. Formation of a strip of small grains along the boundaries according to
the mechanism shown in Fig. 4 [74] (a—c); EBSD maps of the grain structure
of a magnesium alloy [69] (d).

ries of products of delocalization of defects that enter the boundary
during the deformation process. These distortions increase as the de-
gree of deformation increases (Fig. 6). When a certain critical degree
of bending is reached, because of rotation of the central part, the cen-
tre and periphery are separated by a boundary. The constructed model
well describes the flow of CDR in aluminium alloys. Figure 7 shows a
TEM image of the crystal structure of the material, showing lattice
distortion near the CA [76]. It is shown that the real deviation of the
plane from the straight line can reach 5°.

CDR occurring in the presence of microshear bands (MSBs). The
formation of MSBs during hot deformation is observed in images ob-
tained using optical, scanning and transmission microscopy, as well as
EBSD[64, 74, 77].

Numerous MSBs, forming in the grain body, lead to the appearance
of a MSB network, creating misoriented fragments with their intersec-
tions (Figs. 8, 9) [77]. Further deformation leads to an intensive in-
crease in the number of MSBs and the formation of LAGBs and HAGBs
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Fig. 6. Scheme of curvature of the crystallographic plane during grain rota-
tion [75].

Fig. 7. Experimental confirmation of the basic assumption of the Tyth model
[76].

between the fragments. Thus, the proportion of equiaxed grains of
small size increases, gradually filling the entire volume.

It has been shown that a similar mechanism for the nucleation of
small grains is observed, when the direction of deformation changes.
ECAP can be considered the most striking example in this case.

4. GEOMETRIC DYNAMIC RECRYSTALLIZATION

The geometric dynamic recrystallization (GDR) process has been de-
scribed in a wide range of metallic materials, including pure metals,
solid-solution strengthened alloys, and particle-strengthening materi-
als [78-81]. Moreover, although a number of authors combine GDR
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with CDR, there are differences between these processes [71, 82].

High angle boundaries

Fig. 8. Scheme of the formation of a fine-grained structure, when crossing the
MSB[69].

Fig. 9. Experimental observation of the formation of new small grains at the
intersection of MSB [69].
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Below, there are the main experimental characteristics of the GDR.

1. GDR is most often observed for materials with medium and high
SFE, deformed at elevated temperatures with a low deformation rate.
At low temperatures, the DB dominates, since the steps on the CA limit
their mobility. At very high temperatures, grain boundaries are so mo-
bile that hardening does not have time to generate new grains. Thus, to
implement GDR, a certain temperature optimum is required [ 78].

2. Subgrains are formed after reaching a critical level of defor-
mation and remain constant in size throughout the entire deformation
process. The size of subgrains at the saturation stage decreases with
increasing parameter 3-X [83].

3. The amount of misorientation of part of the subgrains at the satu-
ration stage during GDR differs significantly from that observed in
the case of CDR and remains constant at a level of about 2°. In the case
of GDR, a bimodal distribution of grain misorientations is always ob-
served [84].

4. During the GDR process, the original texture remains virtually
unchanged. In some experiments, a slight softening of the texture is
observed, which leads to a smoothing of the LPC peak [ 78].

GDR is described as the process of formation of equiaxed grains dur-
ing hot deformation under the following conditions:

1. presence of a selected direction of deformation;

2. CA can migrate to form steps;

3. during the deformation process, grain thinning is observed in one or
two directions;

4. bends on the BAB can interact, when the grain width reaches 2-3
subgrain sizes.

The above-mentioned GDR mechanism is based only on the idea of
microstructure evolution depending on the initial grain size and the
selected direction of stress application. In reality, there are also some
other aspects that need to be taken into account.

Firstly, during deformation, bends should form on the grain bound-
aries, which cannot be taken into account, when modelling grains as
spheres or cubes. Let us consider the process of bending formation.
During hot deformation, subgrain boundaries first appear near the ini-
tial boundaries. Steps appear on both sides of the boundary in the pro-
cess of local migrations of grain boundaries at the junctions with sub-
grain boundaries formed during DV. Since the grain thickness is not
constant along the long axis, GDR does not occur simultaneously upon
reaching a critical level of deformation. Some parts of the grain reach
critical stress earlier and, in them, GDR begins first. Secondly, a high
degree of deformation in the selected direction is required [84].

Although the mechanisms of GDR are mostly understood and have
been experimentally discovered in many metals and alloys, attempts to
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Fig. 10. Evolution of the a-Zr microstructure during rolling at 700°C [86].

construct a model of this process are based not on physical, but on ge-
ometric principles [82]. In general, these models predict microstruc-
ture evolution well.

Figure 10 shows snapshots of the microstructure evolving during
the GDR process [86].

5. CONCLUSION

The results of studies of the influence of the structural state of grain
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boundaries of SMC metals on the peculiarities of the return and recrys-
tallization processes during annealing can be used to determine the op-
timal modes of equal-channel angular pressing and heat treatment of
SMC metals. Optimal modes of production and processing of metals
and alloys allow to ensure the formation of SMC structure with high
thermal stability (high temperature of the beginning of recrystalliza-
tion), low tendency to abnormal grain growth leading to the formation
of inhomogeneous (heterogeneous) structure, high strength character-
istics, etc.
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