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LOCALIZATION OF DEFORMATION  
IN THE PROCESS OF LARGE PLASTIC  
DEFORMATIONS

Experimental studies show that localization of plastic flow occurs both in quasi-sta
tic and dynamic deformations of metals. It leads to the formation of selected areas 
(lines, shear bands), in which the magnitude of plastic deformation and the density 
of crystal-lattice defects (dislocations) are several times higher than the values of 
these elements in the surrounding metal. Localization is a manifestation of the in-
stability of plastic deformation, a consequence of fact that in such areas of localized 
flow, for one reason or another one, plastic deformation proceeds more easily than 
in the surrounding material. The formation of localization areas reduces the shear 
strength of metals; so, this effect should be taken into account when modelling elas
toplastic deformation of metals. In addition, the formation of areas with a high den
sity of defects can initiate a change in the internal structure of the metal, e.g., the 
formation of new grain boundaries during intense plastic deformation. Therefore, 
the study of the mechanisms and conditions of localization of plastic flow is an ur-
gent task of deformable-solid mechanics and is important both for numerical model-
ling of elastoplastic flows in metals and from the point of view of forecasting the 
structure and mechanical properties of deformed metal. Localization of plastic flow 
at the low and moderate strain rates has been studied in detail in a number of 
works. At the same time, there is no common understanding of the mechanisms and 
specific features of the localization of plastic flow.
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1. Introduction

Currently, it is generally recognized that plastic deformation develops 
heterogeneously in time and volume of the material. It has been experi-
mentally established [1] that macrolocation of plastic flow takes place at 
all stages of plastic flow, and not only at the stage of macroscopic neck 
formation, as traditionally thought. At the same time, the number of 
actually existing forms of such localization is limited, and the appear-
ance of any of them is uniquely determined by the regime of plastic flow 
and the law of deformation hardening acting throughout the appropri-
ate stage of the deformation process [2, 3].

In this paper [4], the regularities of the development of localization 
of plastic deformation at the parabolic stage of plastic flow and the 
stage of pre-destruction of zirconium alloy under uniaxial stretching 
states are examined when instabilities of plastic deformation occur with 
a subsequent transition to the formation of a macroscopic neck. Accord-
ing to the prevailing ideas, the developed plastic deformation always 
occurs inhomogeneously, which is due to the alternation of hardening 
and relaxation processes in local volumes of the material. Interconnect-
ed collective effects at the meso- and macroscale levels can result in the 
establishment of an oscillatory regime characterized by periodic changes 
in the defective structure and mechanical properties of materials.

Studies of the processes of localization and instability of plastic 
flow, carried out in Refs. [5, 6], allowed us to fix the cyclic nature of 
the spatial-temporal process of evolution of local strain distributions, 
accompanied by the emergence of an oscillatory process in the material 
of the type ‘hardening–softening’. This process, according to Ref. [6], 
causes the periodic formation of regions of locally softened material in 
the sample, namely, ‘running necks’, long before the appearance of a 
stable neck and subsequent destruction.

Despite the available information about the pulsating nature of the 
development of the localization of flow with large plastic deformations 
and attempts to explain them, including in the framework of synergetic 
models [7], the physical causes of instability at the final stage of the plas
tic flow remain unclear. This is due to the fact that not all details of 
macrolocalization with large plastic deformations have been studied equally 
due to methodological difficulties encountered in the study of deforma-
tions in locally deformed regions of the sample directly during the flow.

Nevertheless, knowledge of the patterns of occurrence and develop-
ment of the deformation localization, leading to the loss of stability of 
plastic flow and destruction when changing shape, is of great practical 
importance, particularly, for assessing the reserve of technological plas-
ticity of zirconium alloys subjected to large deformations in the process 
of obtaining finished products [8].
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2. Features of the Localization of Deformation

Macroscopic deformation of metals is homogeneous over a limited range 
of loading parameters. With a decrease in temperature, an increase in 
the deformation rate, or a decrease in the grain size of the material, 
various inhomogeneities of the plastic flow are observed manifested in 
the formation of areas of localization of plastic deformation where its 
values can reach several tens. A large number of works from the last 50 
years have been devoted to the study of the localization phenomenon [9, 
10]. The inhomogeneity of high-speed plastic deformation, manifested 
in the formation of narrow shear planes, is known as adiabatically 
sheared bands. These are two-dimensional, almost flat formations in 
which the two sides of the region are displaced relative to each other, 
like cracks of the 2nd or 3rd type, but the material remains physically 
continuous. The characteristics of the shear bands depend significantly 
on the parameters of the loading process. The width of the bands is usu-
ally from a dozen to several hundred micrometres, while the length of 
the bands can be several millimetres or even centimetres. The observed 
aspect ratios reach values of hundreds or even thousands of units. Up 
to 90% of all plastic deformation of the material is concentrated in the 
shear bands; large shear deformations are also observed in the immedi-
ate vicinity of the shear bands [11]. The shear bands have a complex 
structure of highly deformed material and contain structures of disloca-
tions and nanocrystalline grains [12] (Fig. 1).

Since ancient times, shear bands have been observed in metallurgi-
cal processes and were first described in Ref. [13]. In early works, they 
were often referred to as ‘thermal stripes’ [14] or white etching borders 
[15]. Subsequently, it became clear [16] that there are different types of 
shear bands that differ from each other in their internal structure. The 
bands observed in alloys are particularly distinguished, where the heat-
ing of the material leads to another important practical example, where 
localization is clearly visible and has been observed for a long time, is 
the process of punching metal barriers with a solid metal striker. In the 
first works [17], it was suggested that the formation of shear bands 
during the deformation of the striker is an undesirable process that 
should be eliminated. However, later [18], it was shown that it is the 
formation of shear bands that allows the striker to penetrate deeper into 
the material by reducing the diameter of its front end and, consequent-
ly, reducing the resistance to its movement. This idea of ‘self-forming’ 
drummers was supported in Refs. [19, 20]. 

In many early works, when stating the fact of formation of shear 
bands, there is no discussion of the causes of their origin. The first im-
portant step in this direction belongs to the work [15]. Authors [15] 
suggested that a local increase in temperature during deformation leads 
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to softening of the material; 
it is the competition of the 
mechanisms of thermal sof-
tening and deformation hard-
ening, which leads to insta-
bility of the plastic flow and 
localization of plastic defor-
mation. This point of view 
was supported by many au-
thors and, until recently, 
was often perceived as the 
only possible one. At the 
same time, for a large number 
of materials, which manifest 
the localization of plastic de-
formation, an insignificant 
increase in temperature oc-
curs during deformation, 
which, apparently, is not 
enough for significant sof-
tening of a uniformly de-
formable material [21]. The 
causes and mechanisms of 
the formation of localization bands, despite a huge number of studies of 
the phenomenon itself, remain controversial. There are several ap-
proaches to this problem, which differ from each other by the main 
mechanism, which is proposed by the authors as the main reason for the 
formation of areas of local softening against the background of uniform 
deformation hardening of the surrounding material.

In most metallic materials, including austenitic steels, with large 
degrees of deformation, there is a transition from homogeneous defor-
mation to localization of deformation at various scale levels. At the 
same time, areas of intense plastic flow arise in the material, which at 
the microlevel represent localized shear bands or deformation localiza-
tion bands, i.e., shear bands. In this section, the main attention is paid 
to shear bands, as the most characteristic defective structures of auste-
nitic steels are formed under states of large plastic deformations. 
Significant shear deformation is localized in these bands, and a wide 
range of disorientations of the crystal lattice and nanostructural states 
are formed.

When considering deformation localization bands of the type of shear 
bands, two types of bands are distinguished. The first type develops in 
a lamellar structure composed of twin/matrix layers [22–24], and bands 
of this type are characteristic of many f.c.c. metals with low (≤ 20 mJ/m2) 

Fig. 1. Grinding of the grain structure inside 
the shear band [12]
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and medium (20–40 mJ/m2) packing defect energy (PDE), as well as ma
terials with high (40 mJ/m2 or more) PDE under specific states of low 
temperatures and high deformation rates, such as Cu, Cu–Al, and Cu–
Zn under states of dynamic (high-speed) plastic deformation, deformation 
with cooling in liquid nitrogen [25–27]. Under these states, even in 
f.c.c. metals with high PDE, intensive twinning is realized with the for
mation of double/matrix land structures. Under normal deformation 
states, metals with low PDE are deformed mainly by twinning, with low 
and medium PDE, by twinning and sliding, and with high PDE, by sliding.

In a microstrip structure, the second type of deformation localiza-
tion bands forms from dislocation formations with small-angle bounda-
ries: double dense dislocation walls (DDW) and low-energy dislocation 
substructures (LEDS) [28]. These bands are formed in many materials 
with high PDE (Cu, Al, and Ni) under deformation states at room tem-
perature [29–32], in austenitic steels under deformation states at high 
temperatures [33] and in steels of other classes: ferritic, martensitic, 
etc. [34]. 

In addition to the two types of shear bands presented above, adia-
batic shear bands (ASB), the most studied to date, should be noted 
[35–37]. These bands are distinguished by their formation states, which 
include high-speed loading, ∼ 103–106 s−1 (shock loads), and adiabatic 
deformation. At the same time, in addition to large degrees and high 
deformation rates, the achieved high temperatures, high heating and 
cooling rates have a significant impact.

To date, the features of the microstructure and mechanisms of for-
mation of the first type of shear bands in copper and copper alloys un-
der dynamic plastic deformation (DPD) at cryogenic temperatures have 
been studied in the most detail [38–40]. The formation states and micro-
structure features of these strips are in many ways similar to those in 
austenitic steels.

The formation of localization bands is a characteristic feature of the 
deformation structure of austenitic steels after medium (e = 0.7–1.2, 
where e is a true deformation) degrees of deformation [41]. It is estab-
lished that their main feature is the presence of significant shear defor-
mation (γ = 1–10). Shear bands are plastic-like regions of the material 
within which the shifts are concentrated, parallel to the plane of occur-
rence of the strip. These stripes cross grain boundaries without chang-
ing the orientation of this plane.

When studying the features of formation of shear bands that occur 
during cold rolling of 316L stainless steel [41], it is shown that these 
bands are formed in the range of degrees of deformation (70–90%) in 
grains, which are characterized by layered structures consisting of twin 
lamellas approximately parallel to the rolling plane. After ε ≈ 70% de-
formation, these strips are made up of plates (1 micron long and 0.1 
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Fig. 2. Localized shift bands in the structure of microdouble circles and rhombu- 
ses indicating the orientation of the crystal lattice in the structure of twins and 
shear bands [41]. ND and RD arrows designate normal and rolling directions, re-
spectively
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Fig. 3. Features of the shear band microstructure in AISI-201 steel after plastic 
deformation of 70%, where a is a light-field image, b is a microstructure diagram, 
and c–f are the microdiffraction patterns from the corresponding sections [42]
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micron wide) that have been elongated in the direction of shear. With a 
degree of deformation of 90 %, they are divided into equiaxed cells with 
a size of ≅10 nm. In the longitudinal section of the sample, rhombuses 
with an internally twinned structure formed by the shear bands of two 
systems are observed (Fig. 2). The origin of the shear band on strongly 
curved deformation twins was also observed.

It is assumed that, since the planes {111} initially parallel to the 
rolling planes rotate by ≈35° in the distorted zone of the crystal, regions 
favourable for mass sliding in the direction of maximum shear stresses 
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are formed. Therefore, the shifts penetrate through the twin lamellas. 
Thus, cells are formed sequentially, elongated along the direction of 
propagation of the strip. A single strip formed by such shifts initiates 
further processes of intensive sliding, which leads to the formation of a 
series of parallel cells elongated in the direction of the shift and subse-
quently, to the formation of a shift macrostrip [41].

Figure 3 shows an example of electron microscopic analysis of the 
deformation structure of the shear bands in the vicinity of the grain 
boundary located along the rolling direction in austenitic steel AISI 201 
[42]. The area representing the shear bands includes the initial grain 
boundary (Fig. 3, b). The lower and upper grains are designated A and 
B, respectively.

Microdiffraction analysis of different parts of the presented struc-
ture reveals different orientations of structural elements. The diffrac-
tion patterns show azimuthal blurring of reflexes, indicating the pres-
ence of a wide range of disorientations of the crystal lattice in the shear 
bands region lying between the grains and A and B. From the analysis 
of the microdiffraction pattern, it follows that azimuthal misorienta-
tion in the band reaches tens of degrees.

As reported in Refs. [43–45], the features of the formation of adi-
abatic shear bands arising in austenitic steels under dynamic loading 
states were investigated. The formation of a nanoscale (≅0.1 microns) 
crystal structure with high-angle (up to 30°) misorientation, the vortex 
nature of the plastic flow inside the band, dynamic return, dynamic 
recrystallization, and the formation of an amorphous phase are all ob-
served for specific deformation states (high velocity, large degrees of 
deformation, adiabatic states). In addition, AISI 304 and AISI-316 
(austenitic class) steels are characterized by phase transformations with 
the formation of α′-martensite. The formation of α′-martensite at the 
intersection of two systems of twins, as well as twins and the shear 
bands [our stainless steel] is shown. At the same time, the possibility of 
increasing the temperature (in times of the order of milliseconds) in the 
regions of the shear bands to values exceeding the melting point, with 
rapid cooling with fixation of nonequilibrium states, including the 
amorphous phase, is noted. The regions [43] adjacent to the shear bands 
are distinguished, in which accommodative rotations of the crystal lat-
tice for joint deformation of neighbouring grains are observed. The 
formation of textural components with orientation in the direction per-
pendicular to the shear direction and in the direction normal to the 
shear plane is noted. The structure inside the shear bands is also char-
acterized by the formation of a textural component with orientation. 
The so-called ‘rotational dynamic recrystallization’ has been proposed as 
a mechanism for the reorientation of the crystal lattice inside the shear 
bands [43], leading to the formation of nanoscale grains with high-angle 
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Fig. 4. The process of forming the core of the shear band (a, b, c), multiplication of 
the shear bands (d), and fine-grained structure (e) [46]
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misorientations. The authors note the difference between this concept 
and migration dynamic recrystallization.

It was shown in Ref. [46] that, when the shear bands pass through 
layered structures consisting of twin–matrix (T/M) lamellas, the crys-
tal lattice in the twin rotates clockwise, and in the matrix counterclock-
wise. This behaviour is explained using the model shown in Fig. 4. With 
an increase in the degree of deformation during rolling, T/M lamellae 
become almost parallel to the rolling plane (Fig. 4, a), which leads to the 
activation of sliding in the planes {111} intersecting with the bounda-
ries of the lamellas, both in the matrix and twin regions. Sliding in 
these planes causes the crystal to rotate clockwise in the twin region and 
counterclockwise in the matrix region (Fig. 4, b). As a result, the orien-
tation of each layer changes, deviating from the original orientation of 
the double and the matrix. In addition, the activation of sliding leads to 
the accumulation of a high density of dislocations near the twin bound-
aries. Locally, dislocations of different signs are annihilated with the 
formation of new boundaries (Fig. 4, c). The annihilation of these bound-
aries increases the additional sliding, in which the emergence of new 
boundaries continues. The width of the deformation localization band 
increases with an increase in the degree of deformation. The T/M lamel-
lar structure collapses with the formation of a fine-grained (nanocrys-
talline) structure (Fig. 4, b). These shear bands increase with increasing 
deformation during cold rolling, as shown in Fig. 4, d. The T/M plate 
structure must be destroyed to form a fine-grained structure, as shown 
in Fig. 4, e. 
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In Ref. [47], the evolution of the microstructure after intense shear 
deformation under adiabatic states of high-speed loading of cold-rolled 
316L steel was investigated. It is shown that the substructure in the 
nascent shear bands consists of elongated lamellar subgrains and fine-
crystalline regions. The variation of the substructure from the band 
boundaries to the centre is represented by the transition from elongated 
subgrains to rectangular and then to equiaxed subgrains. In the centre, 
the subgrain bands have an average size of about 80 nm. Rectangular 
grains are elongated along the shear direction. The combined presence 
of equiaxed and elongated grains near the centre of the strip suggests 
that melting is not achieved in the areas of the highest temperature. 
Small equiaxed grains are formed from elongated subgrains. The de-
struction and splitting of elongated and rectangular grains is the most 
likely mechanism for the formation of equiaxed grains. The nucleation 
and growth of recrystallized grains are poorly expressed due to the lim-
ited time of deformation. Deformation-induced and (or) rotational grind-
ing of the structure dominates inside the shear bands. The grain grind-
ing process is controlled by dynamic return at the early stages of strip 
formation and continuous dynamic recrystallization at the later stages. 
The evolution of the substructure in the centre of the shear band is 
characterized by continuous fragmentation. In the process of ongoing 
localized deformation, small equiaxed subgrains are agglomerated. Clus
ters of subgrains several times larger than the subgrains themselves 
experience rotations. Grain boundary sliding and rotations of these clus
ters become the main mechanism of the developed stage of deformation 
in the shear band. Deformation twins formed under predeformation 
states have a significant impact on the development of the shear band. 
The secondary twins line up along the direction of the shift and lead to 
the curvature of the primary twins near the band boundary. The sizes 
of the secondary twins correlate with the initial width of the elongated 
subgrains. The distance between the primary twins correlates with the 
initial length of the elongated subgrains in the shear bands. According 
to the authors of Ref. [47], the mechanism of formation of the fine 
structure of the deformation localization band is based on the sliding 
and rotation of clusters containing equiaxed subgrains.

In Ref. [48], the possibilities of using intensive twinning with the 
formation of high-density twin/matrix lamellas, intersections of the 
twin matrix lamellar structure over several twinning systems, and de-
formation localization bands for the formation of nanostructural states 
in various f.c.c. metals are noted. In Ref. [49], when studying struc-
tural transformations occurring in CuZn alloy under states DPD at liq-
uid nitrogen temperature, it was shown that specific deformation states 
lead to the formation of a high density of deformation twins and nano-
particles in the volume of the material. With an increase in the degree 
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of deformation in the material, planar dislocation sliding, deformation 
twinning, and deformation localization bands consistently develop. The 
thickness of the twins decreases from 48 to 14 nm and reaches satura-
tion at e > 1.2. Shear bands occur inside a lamellar structure with a 
high density of twins with an increase in the degree of deformation. 
Intense shear deformation is localized inside these bands and leads to 
the transformation of the twin/matrix lamellas into a nanoscale struc-
ture. With a further increase in the degree of deformation, the shear 
bands widen, which is accompanied by a decrease in the size of the na-
nograins. The structural state with nanoscale twins and nanosheets 
demonstrates high values of yield strength (717 MPa) with minimal 
plasticity (less than 5%). It is assumed that deformation twins play an 
important role in the hardening of the material, while the formation of 
shear bands significantly reduces plasticity [49].

The evolution of the microstructure and the mechanisms of the for-
mation of shear bands are studied in detail in Ref. [50] on a Cu–Al alloy 
under states of DPD. It is shown that the development of the shear band 
is a two-stage process, represented by the stage of nucleation, leading to 
the formation of a narrow band consisting of nanoscale subgrains inter-
secting T/M lamellas and the subsequent stage of expansion of the nar-
row band due to neighbouring T/M lamellas. The nucleation stage oc-
curs within a narrow region with an almost constant thickness of 100–
200 nm, in the so-called ‘core’ or centre of the strip and consists of 
three consecutive steps. The first step (1) is initiation of localized defor-
mation (bending, thinning, and bifurcation) in T/M lamellas; the sec-
ond step (2) is the evolution of the dislocation structure inside the bi-
furcated strip; and the third step (3) is the transformation of the de-
twinned dislocation structure (DDS) into a nanosize (sub)grain structure 
(NGS), Fig. 5. Two transition layers (TRLs) are observed on both sides 
of the core region of the strip, where T/M lamellas experience much 
smaller shear deformations.

The surface separating the centre of the strip from the transition 
layers is characterized by very high gradients of shear deformation, 
which are accommodated by a high density of dislocations. An increase 
in shear deformation causes a broadening of the shear band due to its 
propagation into neighbouring T/M lamellas. At the same time, the 
broadening occurs by increasing the width of the central part, by the 
transformation of transition layers (TRLs) into a core containing the 
DDSs and NGSs, similar to steps (2) and (3) at the origin of the strip. 
The transition layers are shifted into adjacent T/M lamellas. The grain 
sizes in a well-developed shear band are larger than the distance be-
tween the lamellas in the T/M lamellar structure. A typical structure in 
which shear deformation with a maximum value of γmax = 2.0 is local-
ized, as well as areas adjacent to the shear bands and containing a T/M 
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Fig. 5. Microstructure of the deforma-
tion localization band (a1) with shear 
deformation γmax  =  2 and the nearest 
regions adjacent to the band [50]: 
light-field image of the shear bands. 
Three pairs of black arrows T1, T2, T3 
indicate three thin twin lamellae that 
are destroyed in the strip. Micro-dif-
fraction patterns corresponding to the

areas marked with circles a2, a3, and a4 on a1, respectively. Schematic illustration of 
the relative rotation from a2 to a5. Black dots correspond to reflexes on a2; grey arcs 
with arrows correspond to reflexes on a4. Dark-field images revealing twin and ma-
trix lamellae, respectively (b, c). The white arrow points to the preserved segment 
of the twin lamella T2. Schematic illustration of the twins and the shear bands (d)

Localization of Deformation in the Process of Large Plastic Deformations

lamellar structure, is shown in Fig.  5 [50]. In the transition layers 
(TRLs), there is a significant bending of the T/M lamellas. The rotation 
of the crystal lattice in T/M lamellas and bifurcation inside the shear 
bands were detected. Fragmentation of the crystal lattice is intensively 
developing in the core of the strip with the formation of new nanoscale 
grains (subgrains).

The formation of the shear bands in a layered twin structure (T/M) 
was observed in single crystals of copper subjected to large plastic de-
formations of the equal channel angular pressing (ECAP) [23, 51–53]. 
It is shown that the shear bands are formed in the plane of maximum 
shear stresses and the orientation of the crystal lattice in them is in a 
close to twin relation with the matrix. At the same time, a high density 
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of lamellar twin structures is observed in the matrix according to other 
twinning systems. The determining role of lamellar structures in the 
origin of localized shear is noted.

In Ref. [54], the evolution of the microstructure during the forma-
tion of nanostructural states under DPD of copper at cryogenic tem-
peratures was investigated [55]. Three mechanisms of plastic deforma-
tion and shredding of the structure were found: interaction and redis-
tribution of dislocations, deformation twinning with the formation of 
nanoscale packages of twin/matrix lamella (T/M lamella), and the de-
velopment of deformation localization bands in the twin/matrix lamella 
structure. During the formation of shear bands, T/M lamellas are in-
cluded in the localized area of the shear band, which is formed at high 
deformation rates. High degrees of shear deformation can lead to frag-
mentation and rotation of T/M lamellas, forming elongated or equiaxed 
crystallites. Ratios close to the twin ones were observed between neigh-
bouring crystallites. For crystallites, which have experienced turns at 
large angles, the twin ratios are violated. At the same time, secondary 
twinning within the shear band is not excluded, which becomes possible 
due to the high deformation rate.

From the above features of the defective structure, the most gen-
eral patterns of the formation of the shear bands in the micro-twin 
structure of the twin/matrix can be formulated as follow.

(i) The shear band is formed because of significant bending and a 
change in the orientation of the twin/matrix lamellae.

(ii) A single formed band leads to further localization of the shift in 
neighbouring areas and broadening of the shear bands, which develops 
by bending and fragmentation of the twin/matrix lamellas.

(iii) The shear band has a central part where deformation localiza-
tion occurs due to crystal lattice reorientation and transition layers 
with a high density of dislocations and high gradients of shear deforma-
tion.

(iv) In the core region of the strip, several (including mutually op-
posite) processes can be implemented: turns of the crystal lattice (both 
small-angle and high-angle); grain boundary sliding; secondary twin-
ning; bifurcation (including with successive thinning of primary twins); 
formation of new grains (subgrains) by dislocation reactions and redis-
tribution of dislocations; dynamic return, dynamic recrystallization, 
enlargement of new grains. It should be noted the possibility of phase 
transformations γ→α′ in austenitic steels.

(v) The formation of a nanocrystalline structure is the result of 
shear band propagation in a micro-double structure. Nanoscale crystal-
lites generally have arbitrary (including high-angle) disorientation of 
the crystal lattice. At the same time, there is a connection between dis
orientations in traffic regulations with the twin orientations of the ori
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ginal twin/matrix lamellas and the orientation of secondary twins, or 
twins of other systems. The bands are characterized by the presence of 
textural components in the shear plane and the shear direction.

Despite the significant commonality of the processes of formation 
of adiabatic shear bands under states of dynamic deformations and shear 
bands formed under states of large deformations by traditional methods 
with a lower deformation rate (rolling, all-round forging, ECAP, torsion 
under pressure, etc.), it should be noted that much more stringent states 
for the formation of the shear bands in the adiabatic case. Therefore, 
not all the regularities of the formation of adiabatic shear bands are di
rectly applicable to ‘normal’ states of large plastic deformations, in which 
the deformation rate is less by one or several orders of magnitude and 
the removal of thermal energy released during deformation is realized. 

A number of mechanisms for the formation of deformation localiza-
tion bands have been proposed, but in many cases, these mechanisms are 
unable to describe satisfactorily the observed patterns. The latter fully 
applies to the bands of localization of deformation with the reorienta-
tion of the crystal lattice at large (tens of degrees) angles with the pres-
ence of a discrete spectrum of selected disorientations: ≈ 35°, ≈ 50° and 
≈ 60° around the directions. Such disorientations of the crystal lattice 
cannot be described within the framework of traditional dislocation de-
formation mechanisms, which is primarily due to the collective (coop-
erative) nature of their formation. Nevertheless, most of the currently 
discussed mechanisms for the formation of the shear bands are based 
precisely on the dislocation mechanisms of plastic flow. The involve-
ment of ideas about partial disclinations or their dipoles as collective 
carriers of the rotational mode of deformation [56, 57] also cannot ex-
plain the high-angle nature of the lattice reorientation in the shear 
bands with the existence of preferential disorientation vectors, or se-
lected textural directions. Special attention should be paid to the issue 
of phase instability of the crystal during the formation of high-strength 
nanostructural states in the bands of deformation localization in auste-
nitic steels. Largely, this situation is due to the lack of experimental 
studies of the shear bands with a discrete high-angle character of the 
reorientation of the crystal lattice. In particular, such issues as crystal-
logeometric patterns of reorientation, subtle features of their internal 
defective substructure, etc. In this situation, it is necessary to conduct 
experimental studies of the above-mentioned features and develop new 
physical approaches and mechanisms of deformation, taking into ac-
count the phase instability of the crystal in the fields of high local 
stresses realized in the regions of the deformation localization bands. 
The original studies presented below on the microstructure features of 
deformation localization bands in stable austenitic steels are devoted to 
solving the above problem.
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3. Evolution of Microstructure during Rolling

Electron microscopic studies have shown that a sufficiently high density 
of crystal structure defects is observed in highly nitrogenous steels al-
ready in the hardened state. In addition to the chaotic quasi-homogene-
ous distribution of rectilinear and curved dislocations and dislocation 
clusters, there are areas containing micro-twins and (or) thin plates of the 
ε-phase. Apparently, the formation of this defective structure occurs 
because of high local internal stresses arising during the quenching process.

Steels exhibit intense mechanical twinning beginning with a defor-
mation of ε = 10%. In the range ε = 10–50%, mechanical twinning is 
the dominant mode of deformation. At the same time, the twins, form-
ing in favourably oriented grains, tend to turn in the process of defor-
mation into a plane parallel to the rolling plane. Therefore, at ε ≥ 30%, 
the plates of microdoubles are practically parallel or form small angles 
with the rolling plane. When electron microscopic examination of thin 
foils in sections parallel to the rolling plane, their detection (especially 
in cases when the twin reflexes on the electronograms coincide with the 
matrix ones) without special techniques of electron microscopic analysis 
is often impossible [58].

The first shear bands appear in high-nitrogen steels at ε ≈ 30%. 
With a further increase in the degree of deformation, when the double 
mode of deformation is completely exhausted, their formation becomes 
the main mechanism of plastic shaping during rolling [58]. The density 
of the strips in the volume of the material increases with deformation. 
Inside the bands, the crystal lattice fragments into a nanostructured 
state. The intensity of fragmentation increases with an increasing de-
gree of deformation. The intersection of bands with an internal frag-
mented structure with micro-twins and bands of different directions 
with each other leads to the formation of a nanocrystalline state in sig-
nificant volumes of the material. The structural state with high con-
tinuous disorientations formed prior to the formation of the shear bands 
is critical for further investigation. This state is a characteristic feature 
of defective substructures of metallic materials after large plastic de-
formations.

The above results allow us to identify the following. On our opinion, 
the most important states for the formation of the shear bands in the 
considered high-nitrogen steels are: 
•complete exhaustion of the plastic deformation resource by the 

mechanisms of dislocation sliding and mechanical twinning; 
•intensive deformation hardening during the formation of defor-

mation microdoubles and highly-defective structural states with high 
curvature of the crystal lattice; 
•the presence of high local internal stresses. 
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The further evolution of the defective structure is developed by 
fragmentation of the crystal lattice during the propagation of high-an-
gle disorientations in the structure, containing packages of micro-twins 
in several twinning systems.

4. Evolution of Microstructure under Large Plastic Deformations

According to the results presented above, under rolling states of stable 
austenitic steels (both high-nitrogen and chromium–nickel ones), the 
formation of α′-martensite was not detected. However, in the papers 
[59–61] with large plastic deformations of austenitic steel of the AISI-
316 type, the formation of a certain amount of martensitic phase is 
shown. The 316-type steels have sufficiently high phase stability and do 
not experience γ→α′ martensitic transformations during processing: 
forming, rolling, cold drawing, etc. In this regard, additional studies 
were carried out on changes in the phase composition and evolution of 
the defective structure in a wide (е ≈ 0.3–6) range of degrees of defor-
mation by rolling and torsion under pressure of AISI-316 steel. In the 
process of studying the phase composition by x-ray diffraction analysis, 
no phases were found, except for the initial austenite, in the entire 
range of the studied degrees of deformation. Electron microscopic stud-
ies have shown that, under states of rolling deformation ε ≤ 50 % (e ≤ 
≤ 0.7), along with deformation twins, the formation of ε-martensite is 
observed. These are plates with a thickness of a few tenths of a micron 
and a length of one micron, which are quite rare. At deformation values 
of ε ≥ 70 % (e ≥ 1), under states of formation of bands of localization of 
deformation and destruction of the twin structure, the ε-phase is not 
detected. The formation of a b.c.c. phase with a lattice parameter a =  
= 2.86 Å, characteristic of α (α′)-martensite, was detected at ε ≥ 70 % 
(e ≥ 1). Whereas the above phases are not detected by x-ray diffraction 
analysis methods, their volume fraction does not exceed ≈ 1%. Based on 
electron microscopic studies, two types of particles with a b.c.c. lattice 
can be distinguished, significantly differing in size and distribution 
pattern. The first type of particles are thin plates with a length of circa 
1 micron or a few more and a width of a few tenths of a micron, which 
are found in the zones of microtwin deformation and inside the shear 
bands. According to morphology and characteristic sizes, these particles 
can be attributed to α′-martensite.

An example of a dark-field image of a microstructure in the active 
reflection of austenite inside the formed shear bands is shown in Fig. 6 
[62]. Electron microscopic analysis has shown that this band has a frag-
mented structure with a predominance of fragments with high-angle 
misorientations close to 60° and 35°. As can be seen from Fig. 6, b, re-
flexes of α′-martensite are observed on the microdiffraction pattern with 
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Fig. 7. Nanosized particles of the α phase in the austenitic steel after deformation 
by high-pressure torsion (HPT) to е ≈ 6: a — SAED pattern; b — dark-field image 
in the reflection g = 〈200〉 of the α phase [62]

Fig. 6. A local deformation band after rolling to ε ≈ 70% (е ≈ 4.6): a — dark field 
image in the reflection g = 〈220〉 of the γ phase; b — selected-area electron diffrac-
tion (SAED) pattern [62]
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the shear bands. Dark-field analysis showed that particles of this phase 
are observed inside fragments of ≈60° reorientation of austenite. Examp
les of such fragments are shown in Fig. 6, a by arrows. Consequently, 
the formation of these fragments involves the process of deformation 
γ→α′-transformation in the bands of deformation localization.

After ε ≈ 95–99 % rolling deformation of the plate particles, the α′ 
phase was not detected. Consequently, in the process of ongoing (after  
ε ≈ 70 %) plastic deformation, these particles are transformed into the 
austenitic phase (α′→γ-transformation). A similar sequence of phase 
transformations is observed in the process of deformation on Bridgman 
anvils. At N = 1 (e ≈ 3.8–4.3), as well as after rolling at deformation 
values e > 1, plates of α′-martensite are detected. There are no such 
plates at N = 5 (e ≈ 5.5–6),

Particles of the b.c.c. phase of the second type were detected 
throughout the studied range of large degrees of deformation (e ≥ 1) by 
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rolling and torsion under pressure. They are fine-dispersed secretions 
(Fig. 7) with a size of <10 nm [62]. In contrast to the lamellar secretions 
of α′-martensite, these particles will be further designated as the α-phase. 
Diffraction maxima from such particles (shown by the arrow in Fig. 7, a), 
compared with the diffraction maxima obtained from α′-martensite par-
ticles, are much weaker and blurred in the azimuthal direction. As can 
be seen from the dark-field image obtained in the α-phase reflex 〈200〉 
(Fig. 7, b), their sizes in the entire studied interval e ≈ 1–6 are in the 
range from ≈3 to ≈10 nm. At a maximum value of e ≈ 6 (after torsion 
under pressure at N = 5), the diffraction maxima from these particles 
give an almost annular electronogram (Fig. 7, a).

At ε ≈ 70 % (e ≈ 1.2), signs of a magnetically ordered phase appear. 
A feature of the magnetization curves is the abnormally large values of 
magnetic susceptibility in the region of large (up to 10 kE) magnetizing 
fields. The latter is characteristic of superparamagnets, i.e., local fer-
romagnetic regions of small size in a paramagnetic matrix, which do not 
interact with each other. Comparison of these results with the above 
data of electron microscopic examination indicates that these regions 
are alpha-phase particles with sizes less than 10 nm. 

The particles of the above-mentioned superparamagnetic α-phase 
must be evenly distributed across the volume of the material, both in 
the zones of the deformation microarrays and inside the deformation 
localization bands, in order to analyse the reasons for their formation. 
In contrast to the plates of α′-martensite (Fig. 6), no connection of these 
particles with fragments of disorientation or microarrays of deforma-
tion was found. In contrast to the plates of α′-martensite (Fig. 6), no 
connection of these particles with fragments of disorientation or micro-
arrays of deformation was found.

A phenomenon of superparamagnetism similar to the one presented 
above was found in Refs. [63–65]. In Ref. [63], it was observed after 
deformation (ψ = 28 %) of 18Cr–N–21Mn steel at liquid nitrogen tem-
perature, and, in Ref. [64], after large (ε ≈ 86 %) plastic deformations 
of 12Cr–30Ni and 12Cr–30Ni–Ti steels at room temperature. In Ref. 
[63], this phenomenon is associated with the formation of finely dis-
persed (≈20 nm) particles of deformation martensite by the mechanism 
of γ→ε→α′-transformation, and in Ref. [64, 65], with dispersed clusters 
of ferromagnetic γ-component. It is assumed [64, 65] that their forma-
tion is the result of the redistribution of alloying elements initiated by 
flows of point defects of deformation origin. It was shown in Ref. [65] 
that, in steels 12Cr–30Ni and 12Cr–40Ni, the enrichment of effluents 
with nickel is most likely due to the substitution of mainly iron atoms. 
At the same time, the concentration of nickel on the drains of point 
defects can increase from 30 to 40–50 at.% in steel 12Cr–30Ni and 
from 40 to more than 50 at.% in steel 12Cr–40Ni. 
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On the other hand, according to the Fe–Ni–Cr system state dia-
gram, in the steel studied here with a chromium concentration of 17 
at.% for the formation of local alpha-phase zones, it is enough to de-
plete them with Ni by only a few (from 14 to 10–12) atomic percent. 
With the very high effluent efficiency of point defects indicated above 
(for steels 12Cr–30Ni and 12Cr–40Ni [65]), the probability of formation 
of such zones with subsequent γ→α transformation is very high.

According to Refs. [64, 65], the deformation-initiated stratification 
of a solid solution discussed here is a consequence of a high concentra-
tion of deformation point defects with large plastic deformations, lead-
ing to an increase in the diffusion rate by several orders of magnitude. 
The point defects generated in the process of plastic deformation move 
to the sources (dislocations and other structural defects). A counter 
flow of alloying elements arises towards the vacancy flows, migrating at 
different speeds and leading to the formation of local zones enriched or 
depleted by these elements.

Analysing the above processes in relation to the results of this work, 
the features of the elastic-stressed state of the material are important. 
The formation of specific high-defect states with high curvature of the 
crystal lattice under large plastic deformations determines a high level 
of local internal stresses, as well as, no less importantly, high stress 
gradients. Note, in this regard, two important circumstances.

Firstly, the gradients mentioned above are capable of providing both 
intense flows of deformation point defects [66, 67] (including vacancies 
as in α′→α″-martensite [68–70]) and upward diffusion of alloying ele-
ments (effects of cyclic martensitic γ–ε and γ–ε–γ transformations on 
diffusion characteristics (of cobalt and carbon) in iron–magnesium-
based alloys are reported in Refs. [71, 72]). Simultaneously, local zones 
of high internal stresses can act as effective sinks of vacancies or inter-
stitial atoms with elastic deformation of the crystal lattice reaching 
εelastic = ∆d/d ≈ 2–3 % (where d is an interplane distance).

Secondly, a high level of local stress can not only stimulate the proc-
esses of solid-solution stratification but also change the thermodynamic 
states of phase transformations, i.e., reducing, e.g., the level of stability 
of austenite or the barrier of alpha-phase nucleation.

Thus, the above results indicate the possibility of implementing two 
types of γ→α (α′) transformations in the studied austenitic steel with 
large plastic deformations.
•The γ→α′ transformation is a transformation leading to the for-

mation of deformation α′-martensite plates closely related to the ele-
ments of the defective substructure. At the same time, an increase in 
the degree of deformation leads to the reverse (α′→γ) transformation of 
these plates into austenite. An important feature of this transformation 
is that the α′-martensite formed in this case is an unstable (metastable) 
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phase that exists either directly during deformation or in the form of 
thin plates of submicron sizes stabilized by high local residual stresses 
of highly defective deformation substructures.
•The γ→α-transformation with the formation of nanoparticles of a 

superparamagnetic b.c.c. (α) phase with dimensions less than 10 nm, the 
volume content of which continuously increases with an increasing de-
gree of deformation.

Also in Refs. [73–75], a comparison of the evolution of the micro-
structure and phase transformations of AISI-316 steel that occur during 
high-pressure torsion at room and cryogenic temperatures was made. As 
shown in Fig. 8, a, the structure of metastable austenitic steel AISI-316 
in its initial state contains ≈100 % austenite, polyhedral grains with 
thin boundaries and annealing twins. The initial state was obtained by 
quenching.

Eight cycles of deformation by the high-pressure torsion method at 
room temperature lead to the formation of an equiaxial homogeneous 
microstructure of 50–60 nm in size, consisting of a mixture of austenite 
and α-martensite (Fig. 8, b). The formation of the nanostructured state 
occurs due to the action of two mechanisms. The first mechanism is as-
sociated with the fragmentation of the initial grains due to the forma-
tion of shear deformation bands and twins of deformation origin, and 
the second mechanism is associated with the development of the phase 
transformation γ→α by the shear mechanism of formation of deforma-
tion martensite. The results of the reduction processes are observed in 
the structure since the grains are equiaxed with clearly visible bounda-
ries [74].

The structure obtained after 8 high-pressure torsion passes under 
cryogenic deformation (Fig. 8, c) is identical to the structure obtained 
after deformation at room temperature. However, under cryogenic 
states, grains are crushed more intensively to 30–40 nm that can be 
explained by a very high density of defects and grain boundaries that 
inhibit the movement of particles of dislocation and slow down grain 
growth. Therefore, the resulting structure is more homogeneous.

Fig. 8. Microstructure of AISI-316 steel in the initial state (a), after 8 passes of 
HPT at 20 °C (b), and after 8 passes of HPT at −196 °C (c) [73]
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A comparison of the microstructure obtained at deformation after 
ambient temperature and cryogenic temperature showed that up to 4 
deformation cycles, the grain size practically does not depend on the 
deformation temperature and only after 5 passes begins to decrease 
more intensively when nitrogen is used. This is due to the presence of 
more barriers introduced during cryodeformation, which prevent dislo-
cations from moving. Liquid nitrogen cooling also contributed to the 
effective suppression of dynamic recovery processes during deforma-
tion, which led to a significantly higher density of defects and, conse-
quently, increased strength properties [73].

5. Conclusions

This article reviews, analyses, and summarizes the results of publica-
tions classically based on the theory of dislocations and modern models 
of strength and plasticity from the positions of various hierarchical 
levels of localization of plastic deformation. 

Despite the half-century history of studying the phenomenon of lo-
calization and an impressive number of both theoretical and experimen-
tal papers on this problem, the phenomenon of the origin and growth of 
shear bands remains an insufficiently studied phenomenon, leaving 
many unresolved issues. This is largely due to the large variety of proc-
esses and phenomena accompanying severe plastic deformation, as well 
as the complexity of experimental observations of the development of 
the microstructure of the material at high deformation rates. In addi-
tion, the development of computer modelling methods and molecular 
dynamics studies only in recent decades has allowed us to begin a quan-
titative study of the localization problem from the perspective of the 
development of defective substructures, which are always present in 
real materials. This gave a new impetus to research into the causes of 
localization and opened prospects for a comprehensive understanding of 
this problem. Meanwhile, new areas available for research have also ap-
peared, such as the study of localization in nanocrystalline metals or 
metallic glasses. All of the above shows the relevance of further compre-
hensive studies of the localization phenomenon.
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ЛОКАЛІЗАЦІЯ ДЕФОРМАЦІЇ В ПРОЦЕСІ  
ВЕЛИКИХ ПЛАСТИЧНИХ ДЕФОРМАЦІЙ

Експериментальні дослідження показують, що локалізація пластичної плиннос-
ти має місце як під час квазистатичної, так і динамічної деформації металів. 
Вона приводить до утворення виділених областей (ліній, смуг зсуву), у яких ве-
личина пластичної деформації та густина дефектів кристалічної ґратниці (дис-
локацій) у рази перевищують значення цих величин у навколишньому металі. 
Локалізація є проявом нестійкости пластичної деформації, наслідком того, що у 
таких областях локалізованої плинности з тієї чи іншої причини пластична де-
формація відбувається легше, ніж у навколишньому матеріалі. Утворення об-
ластей локалізації зменшує міцність зсуву металів; тому даний ефект має врахо-
вуватися під час моделювання пружньо-пластичної деформації металів. Крім 
того, утворення областей з великою густиною дефектів може ініціювати зміну 
внутрішньої структури металу, наприклад утворення нових міжзеренних меж за 
інтенсивної пластичної деформації. Тому дослідження механізмів і умов локалі-
зації пластичної плинности є актуальним завданням механіки деформівного твер
дого тіла та важливе як для чисельного моделювання пружньо-пластичних 
плинностей у металі, так і з точки зору прогнозування структури та механічних 
властивостей деформованого металу. Локалізацію пластичної плинности за ма
лих і помірних швидкостей деформації достатньо докладно досліджено у низці 
робіт. У той самий час немає єдиного розуміння механізмів і специфічних особ
ливостей локалізації пластичної плинности.

Ключові слова: пластична деформація, пластична плинність, мікроструктура, 
механічні властивості, мартенсит.


