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CHANGE IN STRUCTURAL-PHASE STATES
AND PROPERTIES OF LENGTHY RAILS
DURING EXTREMELY LONG-TERM OPERATION

The regularities and formation mechanisms of structural-phase states and proper-
ties at different depths in the rail heads along the central axis and fillet after dif-
ferential quenching of 100-meter rails and extremely long operation (with passed
tonnage of 1411 million tons gross weight) have been revealed by the methods of the
state-of-the-art physical materials science. As revealed, the differential quenching
is accompanied by the formation of morphologically multi-aspect structure pre-
sented by grains of lamellar perlite, ferrite—carbide mixture, and structure-free
ferrite. The steel structure is characterized by the a-Fe lattice parameter, the level
of microstresses, the size of coherent-scattering region, the value of interlamellar
distance, the scalar and excess dislocation densities. As shown, the extremely long
operation of rails is accompanied by the numerous transformations of metal struc-
ture of rail head: firstly, a fracture of lamellar pearlite structure and a formation
of subgrain structure of submicron (100-150 nm) sizes in the bulk of pearlite colo-
nies; secondly, a precipitation of carbide phase particles of nanometer range along
the boundaries and in the bulk of subgrains; thirdly, a microdistortion growth of
steel crystal lattice; fourthly, a strain hardening of metal resulting in the increase
(by 1.5-fold) in scalar and excess dislocation densities relative to the initial state. A
long-term operation of rails is accompanied by the formation of structural constitu-
ent gradient consisting in a regular change in the relative content of lamellar pear-
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lite, fractured pearlite, and structure of ferrite—carbide mixture along cross-section
of rail head. As the distance to the rail fillet surface decreases, a relative content of
metal volume with lamellar pearlite decreases, and that with the structure of frac-
tured pearlite and ferrite—carbide mixture increases. As determined, the character-
istic feature of ferrite—carbide mixture structure is a nanosize range of grains,
subgrains and carbide-phase particles forming it. The size of grains and subgrains
forming the type of structure varies in the limits of 40—70 nm; the size of carbide-
phase particles located along the boundaries of grains and subgrains varies in the
limits of 8-20 nm. A multiaspect character of steel strengthening is detected that
is caused by several factors: firstly, the substructural strengthening due to the for-
mation of fragment subboundaries, whose boundaries are stabilized by the carbide-
phase particles; secondly, the strengthening by carbide-phase particles located in
the bulk of fragments and on elements of dislocation substructure (dispersion hard-
ening); thirdly, the strengthening caused by the precipitation of carbon atoms on
dislocations (formation of Cottrell atmospheres); fourthly, the strengthening being
introduced by internal stress fields due to incompatibility of crystal-lattices’ defor-
mation of a-phase structural constituents and carbide-phase particles.

Keywords: rails, micro-nanocrystalline structure, lamellar pearlite, long operation,
mechanisms of hardening.

1. Introduction

The increase in the intensity of railway transport and freight traffic
causes the necessity of further increase in operation resistance of rails.
The problem of formation and evolution of rail structure and properties
in long-term operation is a complex system of interconnected scienti-
fic and technical problems. Taking into account that kinetics of forma-
tion processes of structural phase states is connected with the funda-
mentals of the theory of strength and plasticity, the information on the
parameters of rail fine structure in different cross-sections is of crucial
importance. The consideration of rails’ behaviour in long operation and
the analysis of reasons for their withdrawal have recently been of great
interest. The expansion of information in this field is connected with
both an attempt to a deeper understanding of fundamental problems
of physical materials science and a practical importance being dictated
by the continuous growth of requirements to the reliability of rails in
modern conditions of high loads on axis and rates of motion [1, 2]. It
is obvious that under intensive deformation effects being realized in
long-term operation the different processes (recrystallization, relaxa-
tion, phase transitions, decay and formation of phases, amorphization,
etc.) leading to the evolution of structural phase states being accom-
panied by the change (deterioration) in mechanical properties [3—8]
may occur.

The issues connected with the wear of rails have recently been sur-
veyed in detail in Russian and foreign literature. It is proved that wear
defects are initially formed in the surface layers; in this case, the begin-
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ning of the permanent wear coincides with the accumulation of definite
level of plastic deformation [9-14]. In long-term operation, the irregu-
lar high value of microhardness and the phenomenon of strain-induced
decay of cementite, stable in normal conditions, are observed on the
surface. The knowledge of regularities and nature of formation of struc-
ture, phase composition, defect substructure and properties in surface
layers of rail head along the central axis and along the fillet after dif-
ferent terms of operation is necessary for the production of premium-
class rails of increased wear resistance and low-temperature reliability
including the differentially quenched ones.

In the home-produced bulk-strengthened rails with the passed ton-
nage of 500—1000 million tons, the formation of nanoscale multiphase
structure in a metal layer adjacent to the working surface (fillet surface
and tread surface) has been revealed. The structure is characterized by:
the complete fracture of lamellar pearlite colonies (the surface layer);
the proceeding of the initial stage of dynamic recrystallization of struc-
ture-free ferrite grains (the layer not less than 2 mm in thickness); the
fragmentation of ferrite—carbide mixture grains with the formation of
structure wherein the carbide phase particles are mostly located along
subgrain boundaries [15—-25].

Since 2013, the manufacture of 100-meter rails differentially
quenched by pressed air in rolling mills has been started at JSC ‘Evraz—
integrated West Siberian metallurgical plant’ in Russia. The certified
batch of the rails is placed on experimental ring and the passed tonnage
has been more than 1700 million tons gross weight.

For interim tests (passed tonnage of 691.8 million tons gross weight),
the data bank on the regularities of formation of structural phase states
and dislocation substructure, the distribution of carbon atoms in the
head of long differentially quenched rails along central axis and along
fillet after long-term operation was formed in researches [26—34]. The
gradient character of structure, phase composition and defect substruc-
ture being characterized by the regular change in scalar and excess dis-
location densities, the curvature-torsion of crystal lattice and the degree
of strain transformation of lamellar pearlite structure along cross-sec-
tion of rail head have been mentioned.

From the positions of physical materials science, the theoretical es-
timates of metal additive yield point along central axis and along fillet
on the basis of multiaspect analysis of strengthening caused by carbide
phase particles, by the formation of pearlite structure and dislocation
substructure, by long-range stress fields and by solid-solution strength-
ening were performed in these researches. It was shown that irrespec-
tive of direction of the analysis and the distance to working surface the
main contribution to strengthening was made by the dislocation sub-
structure. It was determined that the change in the parameters of fine
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structure of ferrite constituent of pearlite colonies along central axis
and along fillet had a gradient character.

The mode improvement of differential quenching of long rails for
the formation of high operational properties should be based on the
knowledge of mechanisms of structural phase changes along the cross-
section of rails in their long operation. To reveal such mechanisms, it is
possible only in the analysis of regularities of parameters’ evolution of
fine structure and the estimation of contributions of structural con-
stituents and defect substructure to rail strengthening in long-term
operation.

The goal of the current study is to establish the nature of strength-
ening, to reveal the regularities and to carry out a comparative analysis
of structure, phase composition, defect substructure and properties be-
ing formed at different distances along central axis and along fillet
in head of 100-meter differentially quenched rails after extremely
long-term operation (with passed tonnage of 1411 million tons gross
weight).

2. Material and Methods of the Study

The rails of DT350 category withdrawn from the track on Experimental
ring of Russian railways after pass of 1411 million tons gross weight
were used as material under study. The rails of certified batch were
manufactured at OJSC ‘Evraz—West Siberian Metallurgical Plant’ in
June 2013 according to the requirements of Technical Specifications
0921-276-01124323-2012 and were differentially thermo-strengthened.
According to the chemical composition, the metal of rail sample meets
the requirements (Table 1).

The metal macrostructure was detected by the method of deep etch-
ing in 50% hot water solution of hydrochloric acid on incomplete trans-

Table 1. Chemical composition of DT350 category rails

Content of chemical elements, %

Chemical

analysis C Mn | Si P S Cr | Ni [Cu| V Al | Ti
Testing 0.72 1 0.77 | 0.61 [0.010/0.009| 0.42 |0.07|0.14|0.038/0.003|0.003
Requirements|0.71—|0.75—|0.25—| Not more |0.20—|Z no more|(.03—| Not more
of Technical | 0.82 | 1.25 | 0.60 0.80 | 0.27% 0.15
Specification
0921-276.- 0.02 | 0.02 0.20(0.20 0.004(0.025
01124323-
2012 for steel
of ET6KhF
grade
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Fig. 1. Diagram of sample preparation by
methods of transmission electron microsco-
py: 1 — tread surface, 2 — layer at 2 mm
from surface, 3 — layer at 10 mm from
surface; a — fillet; b — central axis

verse template (head, neck). The macrostructure estimation was per-
formed in accordance with RD 14-2P-5-2004 ‘glossary of macrostruc-
ture defects of rails rolled from continuous-cast billets of electric steel’.
The metal microstructure was studied on metallographic sections cut
out from the upper part of head after etching in 4% alcoholic solution
of nitric acid. The steel structure examinations were carried out using
the methods of optical microscopy (metallographic microvisor uVizo-
MET-221P), scanning electron microscopy (MIRAS3 Tesan), x-ray struc-
tural analysis (x-ray diffractometer XRD-7000S (Shimadzu, Japan)) and
transmission electron diffraction microscopy (device EM-125) [35—-37].
The samples under test for transmission electron microscopy (150-200
nm thick foils) were manufactured by the methods of electrolytic thin-
ning of plates cut out by the methods of electric spark erosion of metal
and located near tread surfaces and fillet at a distance of 2 and 10 mm
from the surface. The diagram of sample preparation is shown in Fig. 1.

The hardness measurement was performed by Brinell and Rockwell
methods on tread surface in accordance with Technical Specifications
TU 0921-276-01124323-2012. In addition, the hardness measurement in
the upper part of the neck (*30 mm higher than point 6 of the require-
ments, article 1.8.1 TU 0921-276-01124323-2012) was done as well as
along the cross-section of the neck in transverse direction at a distance
of 2 mm, 10 mm, and 22 mm from head tread surface along the vertical
axis of symmetry. The microhardness was tested by the device PMT-3
by Vickers method at indenter load of 300 mN at a distance of 2 mm and
10 mm from tread surface according to the results of 5 measurements
in each zone.

3. Results and Discussion
3.1. Structural-Phase State of Rails after Differential Quenching

Differential quenching of steel is accompanied by the formation of mor-
phologically multi-aspect structure presented by the grains of lamellar
pearlite, ferrite—carbide mixture and structure-free ferrite being locat-
ed as inclusions along the boundaries of pearlite grains (Fig. 2).
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The relative content of the detected types of structure depends on
the depth of location of the layers under study (Table 2). When analys-
ing the results given in this table, it may be noted that the relative
volume fraction of structure-free ferrite grains V(3) is small and varies
in the limits from 0.01 and 0.05 of steel structure. The volume fraction
of ferrite—carbide mixture V(2) grains is substantially larger, whose
value varies in the limits from 0.16 and 0.36 of steel structure and it
decreases when moving away from rail head surface.

It is seen that, irrespective of the distance to rail head surface of
fillet, the fraction of lamellar pearlite grains is lower, and the fraction
of ferrite—carbide mixture grains is higher than on central axis, i.e., the
processes of phase transformations having place at differential quench-
ing along the central axis and fillet proceed by somewhat different
thermo-kinetic diagrams.

The ferrite—carbide mixture grains are characterized by the pres-
ence of carbide phase particles being different in shape and sizes in fer-
rite volume. The globular-shape particles are also precipitated as short
plates. When analysing TEM image of carbide phase particles being pre-
sent in the bulk of ferrite—carbide mixture, it may be supposed that the
grains with globular particles of cementite are the grains of globular pear-
lite; the grains with cementite particles in the form of short plates may
be related to the grains of highly defective (degenerate) lamellar pearlite.

The dispersion of pearlite structure was estimated by the value of
interlamellar distance (Fig. 3). It is seen that it varies in the limits from
125 to 185 nm and decreases at transition from tread surface deep into
rail. Following to the Russian State Standard 8233-56, it may be said
that the pearlite structure of all samples of rail steel under study is

Table 2. Relative content of structural constituents of DT350 rails

Distance from Along central axis Along fillet
Buriace, mm V(1) v(2) V(3) V(1) V(2) V(3)
0 0.70 0.25 0.05 0.64 0.34 0.02
2 0.84 0.16 <0.01 0.61 0.36 0.03
10 0.74 0.25 <0.01 0.73 0.26 <0.01

Table 3. Scalar dislocation density of rail structural constituents

Distance from Along central axis On fillet

surface, mm p(1), 10, em2 | p(2), 10, em2 | p(1), 10', cm? | p(2), 10%, cm 2

0 4.6 5.6 4.5 6.0
2 4.2 5.5 4.4 5.5
10 4.0 5.0 4.1 5.0
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Fig. 2. Electron-microscope image of
lamellar pearlite grains (a), ferrite—
carbide mixture grains (b), and
structure-free ferrite grains (c)

related to the first number and is characterized as sorbitic one, a type
of structure is troostite. The ferrite constituent of steel structure is
imperfect. The dislocation substructure in the form of chaotically dis-
tributed dislocations, net-like, cellular and fragmentary dislocation sub-
structures were detected by the methods of electron microscopy. In fer-
rite of pearlite grains, only the first two types of dislocation substructures
(substructure of dislocation chaos and net-like dislocation substructure)
are observed; the cellular and fragmentary dislocation substructures are
detected only in the grains of structure-free ferrite and ferrite—car-
bide mixture.

The scalar dislocation density in steel under study varies in the lim-
its from 4 -10'° to 6.0 -10'° ¢cm™2. In this case, in ferrite—carbide mixture
grains, the scalar dislocation density value is somewhat higher than in
the ferrite constituent of pearlite grains independent of the location
(along central axis or on fillet) and the distance of the layer under stu-
dy on the tread surface (Table 3).

In the fillet surface layer up to
~2 mm in thickness in ferrite of
lamellar pearlite, the nanoscale
(<15 nm) particles of carbide phase
were revealed that indicates the 179
repeated decay of solid solution
based on a-Fe after the formation 150 -

h, nm
200

Fig. 3. Dependence of interlamellar dis-

tance of lamellar pearlite grains on dis- 125

tance from tread surface: 1 — analysis

along central axis; 2 — along symmetry 100 L L L L L L
axis of fillet 0 2 4 6 8 X, mm
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Fig. 4. Electron-microscope image of bend extinction contours (designated by ar-
rows): a — grains of ferrite—carbide mixture, b — grains of lamellar perlite, ¢ —
grains of structure-free ferrite

Table 4. Results of x-ray structural analysis
of rails subjected to differential quenching

X . Phase composition, %
Doi-‘r:gaﬁm a-Fe, nm Ad/d Dy, nm
t Fe Fe,C
Axis 90 10.0 0.28634 0.005 110.0
Fillet 93 7.0 0.28668 0.008 85.0

of pearlite structure. As the similar nanoscale particles are not detected
in the layer on central axis, it may be indicative of a higher cooling rate
of the fillet.

The cementite plates of pearlite grains are defective; they are bro-
ken into fragments of 30—40 nm in size. The fragments’ sizes are inde-
pendent of the direction of study and the distance to rail head surface.

The electron-microscope studies of steel structure by the methods of
thin foils in transmitted light permitted one to detect the bend extinc-
tion contours (Fig. 4). The presence of the bend extinction contours in
material structure indicates the curvature-torsion of crystal lattice of
the material volume in question and, consequently, the internal stress
fields, bending a thin foil, and, therefore, strengthening the material.

The material hardening due to curvature-torsion of crystal lattice
being exerted by internal stress fields is inversely proportional to the
width of bend extinction contour [38, 39]. Therefore, having measured
the contour width, one can estimate the relative value of material hard-
ening introduced by internal stress fields. The average width of bend
extinction contours being revealed in pearlite grains is =130 nm, in
structure-free ferrite — 90 nm, in ferrite—carbide mixture grains — 80 nm.
The minimum width of bend extinction contours is detected near the
carbide phase particles being present in ferrite—carbide mixture grains
and amounts to 60 nm. Consequently, the internal stress fields will
reach the maximum values near the particles of the second phase. It
means that carbide phase particles are the potential sites of microcracks
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formation (i.e., the stress concentrators) and may be dangerous in long-
term operation of rails.

Analysing data on x-ray structural analysis of rail metal (Table 4),
the difference in steel state along central axis and along symmetry axis
of fillet may be noted. Along central axis (in relation to material bulk
along fillet), the relative content of cementite is higher, a-Fe lattice
parameter is smaller, microstresses (Ad/d) are lower, the sizes of coher-
ent scattering region (D) are larger than in steel volume located on
fillet. It indicates the higher cooling rate of the material volume located
on fillet relative to the material located along central axis.

3.2. Structural-Phase State and Properties of Metal
along Central Axis of Rails after the Long-Term Operation

It was determined by hardness measurements along cross-section of head
in transverse direction that HRC hardness at a depth of 2 mm is 37.1,
at 10 mm — 35.8, at 22 mm — 35.6 HRC. The obtained results show
that the hardness value at a depth of 2 mm in central zone is at a high-
er level (87.1 HRC) in comparison to metal hardness at a depth of
10 mm and 22 mm from the tread surface, that is evidently caused by
the presence of material deep deformation in the indicated zone. Micro-
hardness at a depth of 2 mm amounts to 1481 MPa; at a depth of 10 mm,
the microhardness value is substantially lower and amounts to 1210 MPa.
It is obvious that the detected difference in microhardness values in
metal thickness, as well as Rockwell hardness values given above, is
caused by steel structural phase changes having place in rail operation.

On unetched metallographic sections prepared from head tread sur-
face by the methods of optical microscopy, the single fine continuity
violations to a depth of 30 ym (Fig. 5, a) are revealed. The depth of
deformation from tread surface is insignificant and is less than 35 yum
(Fig. 5, b).

Fig. 5. Structure of rail tread surface: a — unetched metallographic
section; b — etched metallographic section (x200 magnification)
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Fig. 6. Structure of rail metal in the layer located at a distance of
10 mm from tread surface

It was stated as a result of studies performed by the methods of
transmission electron microscopy that the steel layer at a depth of 10 mm
is presented mainly by pearlite of lamellar morphology whose characte-
ristic image is shown in Fig. 6, a. The cementite plates in pearlite colo-
nies are curved and divided by ferrite bridges. The relative content of
lamellar pearlite is 0.7% of steel structure. The dislocation substruc-
ture is revealed in ferrite constituent of pearlite colonies. The disloca-
tions are located chaotically or form dislocation clusters (Fig. 6, b). The
scalar dislocation density determined by random linear intercept meth-
ods is (p) = 2.54 -10'° cm™2.

The bend extinction contours [38, 39] are observed on electron mi-
croscope images of pearlite colonies (Fig. 6, ¢, the contours are desig-
nated by arrows). The presence of such contours is indicative of curva-
ture-torsion of material crystal lattice. Using the bend extinction con-
tours, it is possible to perform the estimation of excess dislocation
density leading to curvature-torsion of crystal lattice of foil part [40—
42] under study. The estimates made show that excess dislocation den-
sity in rail steel layer located at a distance of 10 mm from tread surface
is p=1.7-10% cm™2.

The colonies of degenerate pearlite wherein the cementite has a
globular shape (Fig. 6, d) and the grains of structure-free ferrite (0.05
of steel structure) are detected in a substantially smaller quantity (0.25)
in structure of steel layer under study.

The structure of layer located at a distance of 2 mm from tread
surface is characterized by a number of peculiarities distinguishing it
from the structure of the layer located at a depth of 10 mm. To these
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Fig. 7. Electron-microscope image of rail metal structure at a depth of
2 mm. Arrows on (e) indicate the ferrite areas with nanoscale cement-
ite particles’ precipitations

1400 011
600 600
2
g 400 400
Q
E 1 7
112
002 | 200 200
l 013
0 0 0
20 40 60 80 100 80 81 82 83 84 20, deg

a b

Fig. 8. Parts of x-ray diffraction patterns obtained from steel bulk located at a dis-
tance of 20 mm from tread surface (1) (hereinafter referred to as initial state) and
from tread surface (2). Indexes of a-phase diffraction lines are indicated on (a);
a-Fe diffraction maximums [112] are shown on (b)

should be attributed the following: firstly, the lamellar pearlite, in whose
volume of colonies the cementite plates are cut and displaced relative to
each other (Fig. 7, a); secondly, the fragmentary (subgrain) structure
being present in grains of degenerate pearlite (Fig. 7, b) (the presence
of displacements on a-phase reflections on microelectron diffraction
patterns obtained from such a structure enables one to estimate the
azimuthal component of angle of structural complete disorientation
reaching 5°); thirdly, the fracture of cementite plates of lamellar pearl-
ite by their dissolution with escape of carbon atoms to dislocations with
subsequent precipitation in the form of nanoscale particles in the bulk
of ferrite plates (Fig. 7, d—f). The cementite particles of round shape,
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Fig. 9. Electron-microscope image of layer structure adjoining to tread
surface

more seldom of lamellar shape, locate, as a rule, on dislocation lines,
pinning them and forming a netlike dislocation substructure (Fig. 7, e,
7). It is evident that the variants of steel structure transformation, con-
sidered above, are a consequence of material deep plastic deformation.

The structural-phase state of the metal of rail tread surface was
studied by the methods of x-ray phase analysis and electron diffraction
microscopy. The characteristic x-ray diffraction patterns of the mate-
rial under study are shown in Fig. 8.

The x-ray phase analysis shows that the main phases of steel under
study are a-Fe-based solid solution (body-centred cubic crystal lattice)
and iron carbide (Fe,C, cementite, orthorhombic crystal lattice). The
a-Fe crystal lattice parameter in the initial state is a,,;, = 0.28693 nm;
that of tread surface — a,_ = 0.28699 nm. Supposing that the increase
in a-Fe crystal lattice parameter is connected with cementite dissolution
and the escape of carbon atoms into solid solution, let us estimate a
carbon concentration in a-Fe-based solid solution using the relations of-
fered in [43]. The performed estimates show that the detected increase
in a-Fe crystal lattice parameter may correspond to the transition of
0.0015 wt.% carbon to solid solution. Simultaneously with the increase
in crystal lattice parameter, a substantial broadening of diffraction
lines (Fig. 8, b) is observed. The diffraction line broadening may be
caused by small size of scattering crystallites and significant microdis-
tortions (stresses of the second sort) in crystallites. Therefore, the anal-
ysis of diffraction-peaks’ shape, their displacements and broadenings is
used for the determination of average size of coherent scattering re-
gions (CSR) and microdeformation value [40]. However, it should be
considered that, if CSR (D) size is large and/or the value of crystal lat-
tice microdistortions (g) is small, it is impossible to calculate the given
characteristics of a material. Therefore, there are a minimum value D
and maximum value g, which may be determined from the line broaden-
ings: 0.005 pm < D < 0.2 pym and 10 < ¢ < 10°2. The analysis of diffrac-
tion patterns performed in the research has shown that, for initial-state
steel, we fail to determine the values of sizes of coherent-scattering re-
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gions D, , and microdistortions’ values (Ad/d),, . It may mean that
D, > 0.2 pym and (Ad/d),,;, < 10™*. For the tread surface, the values
were determined, and they amount to D = 22.06 nm, Ad/d = 1.562-1073,
Thus, after the passed tonnage of 1411 million tons gross weight, the
tread surface metal is characterized by a small value of coherent scat-
tering regions and comparatively large magnitudes of a-phase crystal-
lattice microdistortions.

A characteristic electron-microscope image of metal layer structure
forming the tread surface is displayed in Fig. 9. It is clearly seen that
the result of extremely long operation of rails is a substantial transfor-
mation of pearlite structure. Along with the colonies having retained
the morphology of lamellar pearlite, a structure of subgrain type whose
relative content is 0.55 of steel structure (Fig. 9, a) is formed in surface
layer. The subgrains’ sizes vary in the limits from 100 nm to 150 nm.
Along with the subgrain boundaries and in boundary junctions, the car-
bide phase particles, whose sizes vary in the limits from 30 nm to 55 nm,
are located. Rather often, the second phase particles are located in bulk
of subgrains on dislocation lines (Fig. 9, b). The dimensions of the par-
ticles vary in the limits from 10 nm to 15 nm. The scalar dislocation
density in pearlite colonies’ structure is (p) = 3.7 -10%° cm2; in subgrain
structure, (p) = 3.0 -10'° cm2. Comparing the results mentioned above,
it might be noted that scalar dislocation density value of the surface
layer increases 1.5-fold that of the layer located at a depth of 10 mm.
The excess dislocation density increases similarly (1.5-fold) in the layer
forming the tread surface.

3.3. Structural and Phase States of Metal along
Symmetry Axis of Rail “Working’ Fillet after Operation

It has been established that rail structure is formed by pearlite grains
of lamellar morphology (Fig. 10, a) in the layer located at a distance of
10 mm from fillet surface. The regions of ‘degenerate pearlite’ (Fig. 10, b)
and the grains of structure-free ferrite (the ferrite grains, in whose
volume the cementite particles are absent) (Fig. 10, ¢) are present in a
minimum quantity.

At a distance of 2.0 mm from working fillet surface, a deformed
pearlite containing the cementite plates fractured into separate parti-
cles and displaced relative to each other (Fig. 11, a) is added to the steel
structural constituents mentioned above. In fillet surface layer, the
structure of ‘ferrite—carbide mixture’ (Fig. 11, b) is formed in addition
to those stated above.

The characteristic feature of the structure is a nanoscale range of
grains, subgrains and carbide phase particles (Fig. 12) forming it. The
size of grains and subgrains forming the type of structure varies in the
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Fig. 10. Electron-microscope image of rail metal structure in the layer
at a depth of 10 mm: a — lamellar pearlite; b — degenerate pearlite;
¢ — structure-free ferrite

Fig. 11. Structure of rails’ metal, where a — lamellar fractured pearl-
ite, and b — ferrite—carbide mixture. Here, a — layer at a depth of
2 mm, while b — surface layer of working fillet metal

Fig. 12. Electron-microscope image of ‘ferrite—carbide mixture’ struc-
ture. Arrows (b) indicate particles of carbide phase

limits of 40—70 nm (Fig. 12, a). The size of carbide phase particles lo-
cated along the boundaries of grains and subgrains varies in the limits
of 8-20 nm (Fig. 12, b).

The relative content of structural constituents of rail metal shown
in Figs. 10 and 11 varies according to Fig. 13.
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Fig. 13. Diagram of relative content §, % 0 2 4 6 8

of rail structural constituents: 1 — T T T T T
degenerate perlite + fractured pearl- 80 80
ite; 2 — lamellar pearlite; 3 — fer-
rite—carbide mixture 60 60
40 40
It is clearly seen that rail
long-term operation is accompa- 20 20
nied by the formation of struc-
tural constituents’ gradient con- 0 , , , 0

sisting in the regular decrease
in relative content of material
volume with lamellar pearlite structure and the increase in that with
the structure of fractured pearlite and ferrite—carbide mixture as the
fillet surface is approached.

It is stated by the methods of transmission electron microscopy that
the dislocation substructure (Fig. 14, a) is present in the ferrite con-
stituent of pearlite colonies and the grains of structure-free ferrite.
Following the classification given in [39, 42], the dislocations form tan-
gles and networks or are distributed chaotically. The results presented
in Fig. 14, b testify that scalar dislocation density of rails increases as
fillet surface is approached. Scalar dislocation density increases the
most intensively in lamellar pearlite structure, the least intensively —
in the structure of degenerate pearlite and fractured pearlite.

The long-term operation of rails is accompanied by the formation of
internal stress fields in steel. In studying the steel structure by the
methods of transmission electron microscopy, the presence of stress

4 6 8 X, mm

4 6 8 10
T T T T 5
14
1273
12
41
. . . 0
4 6 8 X, mm

a b
Fig. 14. The rail dislocation substructure observed in the layer at a depth of 10 mm
from fillet surface (a), and diagram of scalar dislocation density gradient (b), where
X is a distance from the working fillet surface; 1 — degenerate pearlite + fractured
pearlite; 2 — lamellar pearlite; 3 — ferrite—carbide mixture
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4 6 8 X, mm

Fig. 15. Electron-microscope image of rail structure in the layer located at a dis-
tance of 10 mm from fillet surface (a), and diagram of excess dislocation density
gradient (b), where X — distance from working fillet surface; I — degenerate pearl-
ite + fractured pearlite; 2 — lamellar pearlite; 3 — ferrite—carbide mixture. Bend
extinction contour is designated by arrows (a)

Fig. 16. Electron-microscope image of extinction contours (designated
by arrows)

fields in the material is exhibited in the appearance of bend extinction
contours [44] indicative of curvature-torsion of crystal lattice of the foil
part (Fig. 15, a) on electron-microscope images.

The bending of crystal lattice in metals and alloys including steel
(curvature-torsion of crystal lattice) may be of several types [45, 46]:
firstly, a pure elastic bending being created by stress fields accumulated
due to incompatibility of deformation, for example, grains of polycrys-
tals, colonies of lamellar pearlite, or plastic material with undeformed
particles (the sources of stress fields arising largely under material in-
homogeneous deformation, in this case, are boundary junctions and
boundaries of polycrystals’ grains, disperse undeformed particle/matrix
interfaces, in some cases, cracks); secondly, plastic bending, if a bend-
ing is produced by dislocation charges i.e., excess dislocation density
localized in a certain bulk of a material; thirdly, elastoplastic bending,
when both sources of fields are present in a material.
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Analysis procedure of internal stress fields based on behaviour of
bend extinction contours at tilt of foil in microscope column was firstly
developed and tested on different materials in Refs. [41, 46]. The esti-
mation procedure of internal stress fields’ value is reduced to the deter-
mination of curvature-torsion of crystal lattice, y:

o¢p 0.017
YCer T T M
where £ is a transverse size of bend extinction contour.

The value of excess dislocation density p, is connected with curva-
ture-torsion gradient of crystal lattice y through absolute value of the
Burgers dislocation vector b: 186

P =——~

bt

Thus, having determined experimentally the transverse sizes of
bend extinction contour of various structural constituent of steel, it is
possible to estimate the value of excess dislocation density.

Analysing results in Fig. 15, b, it may be noted that excess disloca-
tion density value reaches the largest magnitudes in lamellar pearlite
structure, the least ones — in ferrite—carbide mixture structure. As the
distance from fillet surface increases, the value of excess dislocation
density decreases that testifies to the decrease in amplitude of internal
stress fields of rail metal.

As established, the scale of localization of internal stress fields of
rail material depends, in a regular way, on the distance from fillet sur-
face. It is detected that, in steel layer located at a depth of 10 mm, the
internal stress fields are localized in bulk of pearlite colony, the sources
of stress fields are the interfaces of colonies or pearlite grains (Fig. 15, a).
In the layer located at a distance of 2 mm from fillet surface, the ex-
tinction contours are localized in bulk of several ferrite plates (Fig. 16, a).
In the layer forming the fillet surface, the extinction contours are local-
ized mainly in bulk of individual ferrite plates (Fig. 16, b). It means
that deformation effect having place in long-term operation of rails re-
sults in formation of gradient of localization volume of internal stress
fields of rail metal and, consequently, a substantial increase in number
of stress concentration that, in its turn, will facilitate the increase in
level of embrittlement and rails’ failure.

(2

3.4. Physical Nature of Rail Metal
Strengthening in the Long-Term Operation

The results mentioned above show that rail metal microhardness after
long-term operation depends essentially on the distance to the tread
surface, viz., at a depth of 2 mm, it amounts to 1480 MPa; at a depth
of 10 mm, it is lower and amounts to 1210 MPa. It is obvious that the
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detected difference in microhardness values in metal thickness is due to
structure phase changes of steel having place in rail operation. The re-
sults of the analysis of steel structure and phase composition presented
above are indicative of a multi-aspect strengthening of the material.
The obtained quantitative characteristics enable one to examine a phys-
ical nature of steel strength, to carry out the estimate of mechanisms of
its strengthening and to find the dominant mechanisms determining the
steel strength being characterized by microhardness in the research. It
is evident that in determining the material microhardness, it is impos-
sible to take into account all morphology and phase diversity of steel struc-
ture. In this context, let us realize the quantitative estimate of steel
strengthening mechanisms relying on the averaged in material volume
(with regard to volume fraction and characteristics of substructure
types) qualitative characteristics. The estimates of strengthening mech-
anisms value were performed using widely tested expressions given below.

The value of steel yield strength caused by the formation of lamellar
pearlite may be estimated according to the expression [47, 48]:

o(P) =k, -1/\4.75L -0.24V(P), (3)

where L — distance between cementite plates, V(P) — relative content
of lamellar pearlite in steel, £, = 210 Pa-m'/?.

The stress required for maintaining the plastic deformation, i.e. the
flow stress o needed for overcoming the interaction forces with immo-
bile dislocations (‘forest’ dislocations) by moving dislocations (deforma-
tion carriers) is connected with scalar dislocation density by the follow-
ing relation [47-49]:

G, =0, +amGb\{p) 4)

where 6, — flow stress of nondislocation origin (i.e. caused by other
strengthening mechanisms); (p) — average (scalar) dislocation density;
m — Schmidt orientation factor; o — parameter characterizing the
value of interdislocation interactions being equal to 0.1-0.51 [50, 51];
G — shear modulus of steel (*80 GPa); b — absolute value of the Burg-
ers dislocation vector (0.25 nm). For steels with regard to orientation
factor, m is commonly assumes as mo ~ 0.5.

The value of plastic constituent of internal stress fields may be es-
timated based on the relation [40, 41, 46, 52, 53]:

c., = maGb,p, . (9)

pl
The value of elastic constituent of internal stress fields is estimated
based on the relation [46, 52, 53]:

c = maGty,, (6)

elast.

where ¢t — foil thickness taken in calculation being equal to 200 nm;
Yot — €lastic constituent of curvature-torsion of crystal lattice. The
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value of excess dislocation density p, relates to the crystal lattice curva-
ture-torsion gradient y through Burgers dislocation vector magnitude b
by the relation (2).

The rails’ operation is accompanied by the process of steel dynamic
ageing that results in the formation of nanoscale particles of iron car-
bide in the material. The iron carbide particles whose sizes exceed 5 nm
lose the coherent bond with o-phase crystal lattice [47, 54]. Therefore,
the nanoscale particles of carbide phase whose sizes exceed 10 nm being
present in rail steel are incoherent. The incoherent cementite particles
are an obstacle to dislocation motion that results in material strength-
ening. The estimations of steel strengthening taking into account the
presence of incoherent particles of the second phase are performed us-
ing the relation [55]:

Cpurt, =M mG,b (I)lnpL - D|

2an(h-Dl) | 4b

where A — average distance between particles; D — average size of par-

ticles; m — orientation factor being equal to 2.75 for b.c.c.-lattice-based

materials; ® =1 for screw dislocations, and ® = (1 — v)! for edge disloca-

tions; M — parameter considering the nonuniformity of particle distri-
bution in matrix being equal to 0.81-0.85 [51].

The rail operation is accompanied by the formation of fragmentary
substructure in surface layer. The material strengthening by low angle
boundaries (substructural strengthening, strengthening by fragments’
boundaries) dividing the fragments may be estimated using the relation
[1, 4, 47]:

, (7

o(L)=c,+kEL", (3)
where m = 1 or 1/2; L — mean size of fragment. If m = 1, k* varies
as 150-100 N/m; if m = 1/2, k" varies from 21073 to 102 Pa -m'/2 [47,

54, 56].

In the calculations, the following parameter values appearing in the
last equation were used: £ = 150 and m = 1. The ¢, is a friction stress
of material crystal lattice, i.e., the stress required for dislocation motion
in one-phase ‘pure’ monocrystals (the monocrystals do not contain impu-
rities). The stress o, depends essentially on the degree of material pu-
rity and the value of its imperfection. For theoretically pure material,
6, = 17 MPa. The experimentally determined values of ¢, vary in the li-
mits from 27 to 60 MPa [47, 50]. The value o, being equal to 30-40 MPa
[47] is usually used for steels.

The rail operation is accompanied by dissolution (fracture) of cemen-
tite as it was shown above. In this case, carbon being liberated takes part
in the formation of nanoscale particles of secondary cementite, precipi-
tates on structure defects and gets into interstitial sites of steel crystal
lattice. The estimation of steel solid solution strengthening caused by
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carbon atoms was performed using the empirical expression [47, 56]:

m

Gsol.sol. = z(kl Cl) ’ (9)

i=1
where k, — coefficient of ferrite strengthening representing the mate-
rial strength increment at yield point on dissolving of 1 wt.% alloying
element in it; C, — concentration of element dissolved in ferrite [wt.%].
The value of &, coefficient for different elements is determined empiri-
cally [57, 58].

The total yield point of steel in a first approximation based on ad-
ditivity principle that assumes the independent action of each of mate-
rial strengthening mechanisms may be represented in the form of linear
sum of contributions of individual strengthening mechanisms [46—48,
52, 56, 59, 60]:

6 = Ac, + Ac(L) + Ac(p) + Ac(h) + Ao, + AC . + AG(P), (10)

art.

where Ac, = 30 MPa — contribution due to matrix lattice friction;
Ac (L) — contribution due to interphase boundaries; Ac(P) — contribu-
tion due to dislocation substructure; Ac(#) — contribution due to inter-
nal stress fields; Ac — contribution due to the presence of carbide
phase particles; Ao, ., — contribution due to solid solution strengthe-
ning; Ac(P) — contribution due to pearlite constituent of steel structure.

Thus, having determined the quantitative characteristics of steel
structure, it is possible in a first approximation to analyse the physical
mechanisms responsible for steel hardness evolution in the process of
rail operation as well as to detect the physical mechanisms of formation
of rail steel hardness gradient.

part.

Table 5. Estimations of rail metal strengthening mechanisms being formed

at different distance along the central axis and along the fillet in head

of 100-meter differentially quenched rails after extremely long-term operation
(passed tonnage of 1411 million tons gross weight)

Parameters Tread surface Working fillet
average
in material,
MPa 10 mm 2 mm Surface 10 mm 2 mm Surface
Ac (P) 142.5 161.5 85.5 152 152 95
Ac (L) 0 0 473.3 0 0 1455.6
Ac (p) 152.8 181 181.4 164 206 190.4
Ac (h) 131.3 149 255 148.6 149.6 230.4
AG .. 154.1 148.5 107 80.6 222.9 195
AG ) ool 11 11 11.7 11 11 11.7
L 591.7 651 1114 556.2 741.5 2178.1
o = Z(Fi
i=1
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Using the results of quantitative analysis of steel structure conside-
red above, the estimations of steel strengthening mechanisms were car-
ried out. The results of estimations are listed in Table 5.

Analysing results in Table 5, the following may be noted. Firstly,
steel strength is a multiaspect value and is determined by the combined
action of a number of physical mechanisms. Secondly, rail metal strength
depends on the distance to rail head surface independent of the place of
the analysis (along the central axis or along symmetry axis of fillet)
that is in agreement with the results obtained in determination of steel
microhardness. Thirdly, rail metal strength increases as rail head sur-
faceis approached. Fourthly, the main mechanism of rail metal strengthe-
ning in a subsurface layer (the layer located at a depth of 2 and 10 mm)
or rail head is the dislocation one caused by the interaction of moving
dislocations with immobile ones (‘forest’ dislocations). In the fifth place,
in surface layer of rail head, the main mechanism of metal strengthening
is substructural mechanism due to the interaction of mobile dislocation
with low angle boundaries of fragments and subgrains of nanometer size.

4. Conclusion

The layer-by-layer study and analysis of structural phase states, defect
substructure and properties of differentially quenched 100-meter rails
of DT350 category in the initial state and after passed tonnage of 1411
million tons gross weight were carried out by the methods of physical
material science. It has been established that independent of the dis-
tance to the rail head surface and direction of study (along the central
axis or along the fillet), the quenching is accompanied by the formation
of morphologically multiaspect structure presented by lamellar pearlite
grains, ferrite—carbide mixture grains, and grains of structure-free fer-
rite being located as inclusions along pearlite grain boundaries. The
quantitative analysis has been carried out and the main parameters
characterizing the steel structure state have been detected. It has been
shown that the structure being formed has a clearly defined gradient
character, i.e., the surface layer state of rail steel under study depends
on the direction of study (along the central axis and along the fillet) and
depth of location of the layer being analysed. The fact of the decrease in
relative content of structure-free ferrite grains and ferrite—carbide mix-
ture grains with the increase in distance to the surface has been identi-
fied. The rail surface layer is characterized by a more nonequilibrium
state of structure that is evidently caused by the increased rate of its
cooling.

The analysis of evolution of structural phase state and properties
along the central axis of rail head after long-term operation enabled us
to determine that metal hardness of differentially quenched rails after
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passed tonnage of 1411 million tons at the depths of 2, 10, and 22 mm
equals to 37.1, 35.8, and 35.6 HRC, respectively. It was suggested that
perhaps the increase in hardness was due to the deep deformation of rail
surface layer material in the operation process. Analysing the transverse
microsections, the single small continuity violations up to 30 ym in depth
have been detected. It has been shown that deformation depth from tread
surface being identified by the methods of etched microsection metal-
lography is insignificant and is less than 35 pm. The extremely long-
term operation of rails is accompanied by numerous transformations of
metal structure of rail tread surface: firstly, by the fracture of lamellar
pearlite structure and the formation of subgrain structure of submicron
(100—-150 nm) sizes in bulk of pearlite colonies; secondly, by the pre-
cipitation of carbide phase particles of nanoscale range along boundaries
and in bulk of subgrains; thirdly, by the increase in microdistortions
and crystal lattice parameter of a-Fe-based solid solution; fourth, by the
deformation strengthening of metal leading to 1.5-fold increase (rela-
tive to the initial state) in scalar and excess dislocation densities.

It has been established that the rail structure after a long-term op-
eration is formed by pearlite grains of lamellar morphology in the layer
located at a distance of 10 mm from fillet surface. The regions of ‘de-
generate pearlite’ and grains of structure-free ferrite (the ferrite grains
in bulk of which cementite particles are absent) are present in negligible
quantity. As shown, the long-term operation of rails is accompanied by
the formation of structural constituents’ gradient consisting in the reg-
ular change in relative content of lamellar pearlite, fractured pearlite
and ferrite—carbide mixture structure along the cross-section of rail
head. As the rail fillet surface is approached, the relative content of
metal bulk with lamellar pearlite structure decreases and that with the
structure of fractured pearlite and ferrite—carbide mixture structure
increases. The characteristic feature of ferrite—carbide mixture struc-
ture is a nanoscale range of grains, subgrains and carbide phase parti-
cles forming it; the size of grains and subgrains forming the type of
structure varies in the limits of 40—-70 nm; the size of carbide phase
particles located along grain and subgrains boundaries varies in the
limits of 8—-20 nm. It has been revealed that the long-term operation of
rails is accompanied by the formation of material defect substructure
gradient involving the regular increase in scalar and excess dislocation
density. It has been determined that the scale of localization of rail in-
ternal stress fields depends, in a regular way, on the distance from fillet
surface varying from bulk of pearlite colonies as a whole at a depth of
~10 mm to bulk of single ferrite plates in fillet surface layer. It means
that deformation effect having place in rail operation results in a sub-
stantial increase in number of stress concentrators that, in its turn,
contributes to metal embrittlement.
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The analysis of strengthening mechanisms of rail head metal along
symmetry axis of fillet and along the central axis (tread surface) has
been carried out. As shown, in both cases, the strengthening has a mul-
tifactor character and is determined by superposition of several physical
mechanisms.

It is shown that the increase hardness of rail steel subjected to ex-
tra-long-term operation has a multiaspect character and is caused by:
firstly, the substructural strengthening due to the formation of nanos-
cale fragments whose boundaries are stabilized by carbide phase parti-
cles; secondly, the strengthening with carbide phase nanoscale particles
located in bulk of fragments and on dislocations (dispersion strengthen-
ing); thirdly, the strengthening introduced by internal stress fields be-
ing formed due to deformation incompatibility of adjacent grains, crys-
tallites of different phases, presence of microcracks.

It is established that the most significant physical mechanisms en-
suring the high strength properties of rail head metal subjected to ex-
tremely long-term operation are: the dislocation mechanism caused by
interaction of moving dislocations with immobile dislocations (‘forest’
dislocations) in a subsurface layer (the layer located at a depth of 2—
10 mm) of rail head and substructural mechanism (surface layer) due to
the interaction of mobile dislocation with low angle boundaries of frag-
ments and subgrains of nanometer size.
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B.€. I'pomos?!, F0.D. Isanos?, B.€. Kopmuwes?,

A.O. Opves?, O.I1. Cemin’, FO.A. Py6annikosa’

! CubipchbKuil Jep KaBHUM IHAYCTPiaabHNI YHiIBEpCUTET,
ByJ. Kiposa, 42, 654007 HoBokysHuelnsk, PP

2IHCTUTYT CHJIBLHOCTPYMOBOI esnexTpoHiku CB PAH,
mpocu. Axkagemiunwuii, 2/3, 634055 Tomcbk, PP

3 AT «Espas-3amaguo-CubipcbKuil MeTaJIypriuanii KomOoiHaT»,
Kocwmiune mroce, 19, 6564043 HoBoKy3HelbK, P®

3MIHA CTPYKTYPHO-®A30BUX CTAHIB
I BIACTUBOCTEM TOBIOMIPHUX PEMOK
IIIT YAC HAD3BUYAMHO TPUBAJIOI EKCIIJIYATAIIIL

Merogamu cydacHOro (hisMYHOTO MaTepiaslo3HABCTBA BUABJIEHO 3aKOHOMipHOCTI Ta
MexaHisaMu (popMyBaHHS CTPYKTYPHO-(DA30BUX CTaHIiB i BlacTUBOCTEl HA PisHil ruiu-
OuHi y roJiBIi pefioK IO IeHTPAJbHIN oci Ta BUKPYKII miciaa audepeHIrifioBaHOTO
rapryBauHsa 100-MeTpoBuX pefioK I eKCTpeMaJbHO TPUBAJOI eKcmyaTalii (mpomyie-
Huii ToHHaK — 1411 maH. ToH 6pyTTO). IloKasaHo, 110 AUdeEpeHITifioBaHe TapTyBaHHA
CYIIPOBOKYETHCA (DOPMYBAHHAM MOP(OJIOTiUHO 6araTomIaHoBOl CTPYKTYPH, IPEJCTAB-
JIeHO1 3epHaMM IIJIACTUHYACTOTO MEePJiTy, (epuTo-KapOimHOi cyMmiIri Ta CTPYKTYpPHO-
BimbHOTO (epury. CTPYKTYypy KPHUIL XapaKTepuU3yBaIu NapaMeTPoOM KpPUCTaJidHOI
rpatHuili a-Fe, piBHeM MikpoHaNpysKeHb, PO3MipoM obGJiacTeil KOTePEeHTHOr0 PO3CifgH-
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Hs, BEJIMYWHOIO MiXKILJTIaTiBKOBOI Bimmaji, CKaJsAPHOI Ta HAAJUIIKOBOIO T'yCTHHAMU
nucyokariii. IlokasaHo, 110 eKCTpeMaJbHO TPUBAJia €KCILIyaTaIlisd PeioK CYIIPOBOI-
JKYETHCSI MHOKUHHUM IIEPETBOPEHHAM CTPYKTYPHU METay FOJOBKU PEHOK: mMo-Iepiile,
PYHHYBaHHAM CTPYKTYPH ILIATiBYACTOTO MEPJiTYy Ta (GOPMyBaHHAM B 06’€Mi mepJiiTo-
BUX KOJIOHiIT cy63epeHHOI CcTpyKTypu cyoMmikporHux (100-150 M) posmipis; mo-
Ipyre, BUALJIEHHAM IO MeXXax i B 00’eMmi cyOsepeH yacTHHOK (hasu Kapbigy HamoMme-
TPOBOTO Aiala3oHy; IIO-TPETE, 3POCTAHHAM MiKPOCIOTBOPEHBb KPUCTAJIUHOI I'DATHUILL
KDPHUIli; To-yeTBepTe, AeopMaliiiHuM HAaKJIEIIOM METAaJy, II[0 CIPUUYNHIOE 30iIbIIIeHH
(B 1,5 pasu 1100 BUXiTHOTO CTaHY) CKAJAPHOI Ta HAAJIUIIKOBOI I'YCTUH AMCJIOKAITil.
TpuBasia eKcIIyaTalifd PeiioK CyIpPOBOIKYETbCA (DOPMYBAaHHAM I'DALIEHTY CTPYKTYD-
HUX CKJAJOBUX, IO IIOJATAE ¥ 3aKOHOMIipHiY 3MiHi BiJHOCHOTO BMicTy miaTiBuacToro
MepJIiTy, 3PYHHOBAHOIO MEPJIiTYy Ta CTPYKTYPHU PepuTo-KapbigHoi cymimri mo mepepisy
TOJIOBKH peiiok. ITo mMipi HaGIMKEHHA [0 MOBEPXHI BUKPY/KKU PEHOK BiIHOCHUI BMiCT
00’eMy MeTaJy 3i CTPYKTYPOIO ILJIaTiBUACTOTO MEPIITY MOHUKYETHCHA, a 31 CTPYKTYPOIO
3pyHHOBAHOrO MepJiTy Ta (hepuTo-KapbigHOI cyMmitri 306iabInyeTbesa. BeranoBaeHo, o
XapaKTePHOI OCOOJIUBICTIO CTPYKTYypU (epuTo-KapOifHOI CyMiIlli € HaHOPO3MipHMH
miamasoH 3epeH, cy03epeH i yacTuHOK (asu Kapbiny, mo dhopMyoTs ii — poamip se-
peH i cy03epeH, AKi (GopMyIOTH MaHUU TUI CTPYKTYPU, 3MiHIOETHCSI B Mexkax 40—
70 HM; po3Mip yacTMHOK KapOimHOI (pasm, posTallloBaHMX HA MeXKi 3epeH i cybsepeH,
3MiHIOETBCA B Merkax 8—20 HM. BusaBieHO 6araTOUMHHUKOBUI XapaKTep 3MiIlHEHHS
KPHUIIi, 1110 3yMOBJI€HO, II0-TIEPIIIE, CYOCTPYKTYPHUM 3MillTHEHHAM, CIPUUYNHEHUM (op-
MYBaHHAM CyOMe)Xk (parMeHTiB, MeKi AKX cTabigizoBaHO UacTMHKAMU KapOimHOl
¢asu; mo-Apyre, 3MiITHEHHAM JYaCcTUHKaMU KapOigHoi ¢asu, posTaioBaHuMu B 00cA3i
¢dparmMeHTiB i Ha eJeMeHTaxX AUCIOKAIiHOI CyOCTPYKTYpH (Auciepciiine sMillHeHHS);
IIO-TPeTe, 3MilTHEHHAM, 3YMOBJIEHUM OCAJKEHHAM Ha AUCIOKaliax atomiB KapbGoHy
(bopmyBarHaMm KorTpennoBux armocdep); IO-UeTBEPTE, 3MiITHEHHAM, BHECEHUM BHY-
TPIIHIMU MOJAMU HAIPY:KeHb, COPUUYMHEHUMU HeCyMicHicTIO medopmaillii Kpucra-
JIYHUX I'PATHUIb CTPYKTYPHUX CKJIALOBUX O-()as3u Ta YaCTUHOK (pasu KapoOimy.

KarouoBi croBa: peliku, MiKpo-HAHOKPUCTAJIiYHA CTPYKTypa, IJIATiBYACTHH IIEpJIiT,
TpUBaJIa eKCIJIyaTallid, MexaHidaMu 3MiIlHeHHS.
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