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DETERMINATION OF THE CAUSES OF ROLLING SURFACE DAMAGE
DURING OPERATION OF THE RAILWAY WHEELS

Purpose. Substantiation of the mechanism of damage formation on the rolling surface of railway wheels by differ-
ent strength levels to determine optimal structural state of the carbon steel.

Methodology. The material for study was steel from rim fragments of the railway wheels with a carbon concentra-
tion of 0.61 and 0.69 % and other chemical elements within the range of the grade composition. Samples for me-
chanical tests were subjected to thermal hardening to obtain different structural states. The microstructure was exam-
ined under light and electron microscopes, using quantitative metallography techniques. Metal wear was determined
under dry friction conditions, with different degrees of slippage, on a machine of the SMC-2 type. Hardness was es-
timated by the Rockwell method, and micro hardness of structural components — on a PMT-3 micro hardness tester.

Findings. Based on the analysis of the wheel-rail interaction, it was determined that resulting inhomogeneity at
distribution of plastic deformation and heating temperature in the plane of the contact surface are due to the develop-
ment of slippage processes. Heating the metal to temperatures higher than onset of phase transformations and subse-
quent accelerated cooling determine the mechanism of structural transformations. The difference between adjacent
sections of the rolling surface with different structural states and corresponding level of strength determines condi-
tions for the formation of a fracture center of the railway wheel during operation.

Originality. Heating the metal to temperatures above onset of phase transformations from the wheel sliding along
rail and subsequent forced cooling is the cause of formation of gradient of the structures from pearlite to martensitic-
bainite. The cyclic nature of the change in the structural state of the metal from simultaneous influence elevated
temperatures, high plastic deformations and phase transformations corresponds to the development of low-cycle fa-
tigue processes. Plastic deformation of the rolling surface area with martensitic or bainite structures is accompanied
by softening, and with pearlite structures — by a hardening process.

Practical value. The obtained results of the development of phase transformations in carbon steel on rolling surface

will be useful in determining optimal structural state of the railway wheels of different strength levels.
Keywords: railway wheel, rolling surface, temperature, local slide, hardness

Introduction. According to the analysis of cases of
damage to the rolling surface of railway wheels during
operation, it is very difficult to single out the most sig-
nificant factor of influence. Against background of con-
tributions from seasonal changes in ambient tempera-
ture [1], settings of the brake system and supporting ele-
ments of the wheel set bogie [2, 3], which are taken into
account by the standards for the operation of rolling
stock [4, 5], the state metal at rolling contact plane is of
exceptionally high importance [6, 7].

According to the mechanical scheme of the wheel-
rail interaction, the inevitable presence of a shear compo-
nent of plastic deformation at contact plane during roll-
ing and especially during braking of rolling stock is one of
the reasons for heating to certain temperatures [8, 9].
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The limited plane of mechanical contact between
the wheel and rail, when braking the rolling stock, can
lead to heating of the rim layers near the rolling surface,
to temperatures of onset of phase transformations in
carbon steel [10, 11].

According to a detailed analysis, the causes of dam-
age to the wheel rolling surface should be divided into
qualitatively different sources. First of all, dependence
of diffusion mass transfer processes should be noted,
which determine the heating rate of the wheel metal, on
contact phenomena. Based on this, increase in distance
from the cooling surface is accompanied by correspond-
ing changes in phase composition of the carbon steel.

Considering that degree of heating of the wheel rim
metal from arising frictional stresses on the wheel-rail
contact surface is limited by the development of diffu-
sion mass transfer processes [11, 12], it is quite expected
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that an increase in distance will contribute to decrease
in the heating temperature.

After the braking stage is stopped, heated rim layers
are subjected to forced cooling.

With a certain analysis of the structure state of heat-
ed wheel metal, only rim layers that are subjected to
heating to temperatures higher than Ac;, with subse-
quent accelerated cooling at rates higher than the critical
value, are capable of transformation by a shear or inter-
mediate mechanism. However, with cooling at a rate
not sufficient to transform austenite areas into martens-
ite or bainite, their transformation occurs by a diffusion
mechanism [8, 11]. At the same time, accelerated cool-
ing contributes to the formation of more dispersed
pearlite-type structures, compared to the derived struc-
tural state of steel at manufacture of the railway wheels.

In proportion to the dispersion of pearlite structures,
there is an increase in hardness in limited areas, compared
to the bulk metal of the wheel rim at derived state. The
above phenomenon is one of the sources formed of gradi-
ent of residual internal stresses. In comparison with the
structure formation by diffusion mechanism, formation
of martensitic or bainite cells is accompanied by the emer-
gence of a significantly higher level of residual internal
stresses. This is due to the fact that in addition to occur-
rence of residual stresses from gradient of the temperature
during cooling, stresses are also added from the change in
type of crystal lattice during phase transformation.

The fact is that during transformation austenite
phase into martensite, the surface-centered cubic crys-
tal lattice is replaced by a volume-centered one. In this
case, the source occurrence of residual stresses is the
difference in density of filling space unit cell of the crys-
tal lattice with iron atoms and occurrence of strengthen-
ing from super saturation with carbon atoms of the solid
solution. As a result, the total effect of the development
processes of phase and structural transformations can
exaggerate the strength limit, which leads to the forma-
tion of a fracture of metal of the wheel during operation.

Thus, at first glance, a number of mutually unrelated
influence factors, determined by the operating condi-
tions of the railway wheel, in fact determine the nature
of the development processes structural transformations
of the carbon steel. At same time, the features of the de-
velopment phase transformations at the stages of heating
and cooling of the rim are accompanied by a corre-
sponding change in the complex of properties [12, 13].
Violations of uniformity of the distribution internal
stresses at rim over the rolling surface are one of the rea-
sons for decrease in resistance of the metal to the forma-
tion of fracture centers [14].

State of the problem. During operation of a railway
wheel, depending on the conditions of heat removal from
the rolling surface, the system of residual internal stresses
in the rim will necessarily change. Given the simultane-
ous influence of high heating temperatures and plastic
deformations in the plane of the contact surface [15, 16],
determining optimal structural state by carbon steel of
the railway wheel is a rather complex solution [17, 18].

Comparative analysis of the operation of the railway
wheels with a strength up to 1 GPa (type P) indicates an
increase in wear resistance by approximately 30—40 %
of the wheels with a strength higher than 1 GPa (type T')
[10, 14].

At same time, the number of emerging sliders and
chipped on the rolling surface in 7 wheels increased.
According to the technology of manufacturing railway
wheels, a high-strength state is achieved, in addition to
thermal hardening, by an additional increase in the car-
bon content, compared to the basic composition.

According to [6, 10], with a hardness of the 7-type
wheel steel of 3.25—3.4 GPa, the level of crack resis-
tance, especially at low operating temperatures, was
lower compared to the P-type wheels.

Analysis of the operation of the railway wheels of dif-
ferent strength levels shows that on the rolling surface of
the T-type wheels, the number of areas with signs of
sliding is greater compared to wheels with a strength of
up to 1 GPa[19, 20].

Purpose. To substantiate the mechanism of damage
formation on the rolling surface of railway wheels of dif-
ferent strength levels to determine the optimal structural
state of carbon steel.

Research methodology. The material for study was
steel from the rim fragments of railway wheels with a
carbon concentration of 0.61 and 0.69 % and the amount
of other chemical elements within the range of the base
steel grade composition. From the rim fragments of
wheel type P (with a strength of up to 1 GPa and a car-
bon content of 0.61 %) and T (with a strength higher
than 1 GPa, with a carbon content of 0.69 %) samples
were made to determine hardness, rolling wear, and mi-
crostructure studies. To obtain different structural states
in steels, the samples were subjected to heat treatment.

In a chamber-type furnace, the samples were heated
to temperatures higher than Acs, kept for a period suffi-
cient to complete phase transformations in steels, and
cooled at a rate higher than the critical value, while pre-
venting oxidation. The microstructure was studied using
light and electron microscopes, using quantitative met-
allography techniques [21].

The wear characteristics of the metal were deter-
mined by testing on a machine of the SMC-2 type, un-
der dry friction conditions, with different degrees of
slippage. The hardness of the steels was determined by
the Rockwell method, and micro hardness of the struc-
tural components was determined on a PMT-3 micro-
hardness tester.

Results and discussion. According to the studies of
rim fragments, it is very difficult to determine difference
in formed metal gouges on the rolling surface railway
wheels of the different strength levels (Fig. 1). Although,
with a more careful analysis, it is possible to determine
details that separate wheels by the derived structural
state of the steel and corresponding set of properties.

Let us consider the mechanism of influence of plas-
tic deformation on condition of metal rolling surface of
the wheel.

Generalization of a large number of research results
on the causes of damage to the rolling surface of railway
wheels [22, 23] indicates the need to separate factors by
the nature of influence on the internal structure of the
carbon steel. When the wheel is rolling, there is an inten-
sive development of plastic deformation, with a high de-
gree of non-uniform distribution in micro volumes of
metal near the rolling surface. At same time, to determine
the nature of structural changes, we will assume the ab-
sence of influence of the thermal component of the load.
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Fig. 1. Appearance of gouges on the rolling surface of rail-
way wheels of type T (a) and P (b)

Under such conditions, the process of forming a gouge,
as one of the common types of damage to the wheel rolling
surface, will consist of two stages. First, under the action
of normal stresses, cracks nucleate on the rolling surface,
and then extraction of a metal fragment from the rim will
be due to the action of tangential stresses [14].

The initial stages of plastic deformation are charac-
terized by a very high degree of its inhomogeneous dis-
tribution, including in microvolumes of steel (Fig. 2, a).

Against the background of significant metal area
without signs of plastic deformation, the places of its
concentration are determined by significant changes in
shape of phase components. So, the curvature of carbide
phase plates of the pearlite colony indicates that the
limit of accumulation of defects of the crystal structure
have been practically reached in such places [10, 24].

As a result, the concentrated bend of the carbide
phase plates turns into a cut (Fig. 2, a, designation A4),
which with a certain probability is capable of transform-
ing into a micro crack cell.

Thus, even with small plastic deformations, in carbon
steels, at the level of microstructural components, cells
appear that can serve as the nucleus of metal fracture.
But, considering the frequency of occurrence of gouges
on the rolling surface, this alone is not enough. On the
other hand, the analysis of rolling surface of a railway
wheel after removal from service indicates the existence a
large number of lines from concentrated plastic deforma-
tion (Fig. 2, b, designation B). The places of their inter-
section can also later turn into embryo of metal failure.

Fig. 2. The structure of the pearlite colony after deforma-
tion of steel (a), lines from plastic deformation on
rolling surface of the wheel (b), view of the rolling
surface profile (c), schematic representation of intru-
sions and extrusions (d):

A — the direction of plastic flow of metal from the arising

tangential stresses in the plane of the contact surface. Mag-
nification: a — 1,300; b — 200; ¢ — 100
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Upon detailed examination profile of the wheel roll-
ing surface, the deformation lines (Fig. 2, b) actually
represent alternating micro-volumes of extruded (extru-
sion) and absent (intrusion) metal (Fig. 2, ¢, designa-
tion C). Ifimagine that extruded volume of metal during
the next rolling cycle will be destroyed and removed
from the contact surface, then the behavior of intrusion
is qualitatively different.

During the next loading cycle, the intrusion may
temporarily close after its occurrence, but the metal in-
tegrity will not be restored. This is due to insufficient
rate of diffusion mass transfer and the specific relief of
the intrusion surfaces (Fig. 2, d, designation D).

Moreover, during the subsequent rolling load cycle,
the energy consumption for opening already formed in-
trusion will be significantly lower since the energy for its
origin has already been spent. Excess energy during con-
tinued metal loading can contribute to further growth of
intrusion into the rim depth, but this scheme of fracture
embryo formation also has its limitations. First of all,
these are very small sizes and their relatively uniform lo-
cation on the rolling surface.

Indeed, if they consider only consequences of me-
chanical nature interaction of the wheel and rail at the
contact surface, then conditions for the transformation
intrusions into a stably growing micro crack, in general,
will be determined by the ratio metal wear rate and
growth rate of intrusion. Under conditions when the
metal wear rate of contact surface exceeds growth rate of
intrusion from cyclically varying loads, the damage for-
mation process will be absent.

On the other hand, in order for an intrusion at metal
of the wheel rim to turn into a stably growing micro
crack, a number of conditions must be met. First, pre-
requisites must be created for the violation uniform ar-
rangement extrusions and intrusions of the metal on the
rolling surface. The fulfillment of this condition is pos-
sible only due to the violation uniformity of the load on
the wheel metal.

Considering that main factors of the load are the
magnitude of normal stress in the wheel-rail contact
plane and magnitude of the shear deformation, their si-
multaneous increase will only contribute to the accelera-
tion of growth of intrusions into the metal. On the other
hand, for a relatively short period of time of the wheel
rolling, the value of the normal pressure can most likely
be accepted as a constant characteristic. Then, often un-
predictable changes occurrence of the shear component
at tangential stress diagram will be a factor contributing
to occurrence unevenness in distribution of intrusions,
as the main factor in the formation of damage to the roll-
ing wheel’s surface of different strength levels.

Compared with mechanical factors of influence, the
structural state and ability of the metal to resist forma-
tion and growth fracture embryos acquire a certain value.

Based on this, the development of deformation
strengthening processes and the corresponding structural
changes in the metal must certainly lead to the blunting of
the intrusion mouth, which, in turn, will stop its transfor-
mation into an embryo destruction of the carbon steel. At
the same time, the given schemes of the metal damage
occurrence at level of microstructural components of the
metal to a greater extent correspond to the conditions of
uniform wear of the wheel on the rolling surface.

The processes of structural changes in the metal ac-
quire a significant influence on formation of a fracture
site on rolling surface of the wheel under conditions of
deviation from the regulatory limitations of operation of
the railway wheel. One of the examples of the given de-
viations is excessive wheel sliding on the rails during
emergency braking of the rolling stock, non-simultane-
ous operation of the brake system of the wagons, etc.

Unbalancing of the rolling stock brake system leads
to the fact that in a very short time after operation of the
brake system at the first car, areas of sliding appear. On
the contact surface of the wheel with a rail, areas are
formed not only with a violation of the geometric di-
mensions of the rolling circle, but also with excessive
overheating of the metal to temperatures onset of phase
transformations.

Depending on the sequential or simultaneous action
of significant plastic deformations and heating tempera-
tures, significant gradients of internal stresses arise,
which is a prerequisite for occurrence of surface damage
to the wheel. In this state of affairs, studies on the influ-
ence of heating temperature on structural transforma-
tions in the wheel metal, which precede formation of the
sliding area, acquire a certain significance.

Compared with the influence of plastic deformation
on the structure and properties of the wheel steel on the
rolling surface, intensity of heating acquires a certain
significance. The main source of heating of the rolling
surface is a level of emerging frictional stresses. As a re-
sult of the wheel-rail coupling, not only a heating of the
metal to a certain temperature is achieved, but also the
emergence of a temperature gradient both along a plane
of the contact patch and a thickness of the wheel rim.

The typical structure of carbon steel of the wheel
(Fig. 3, a), after formation of a slip zone from braking of
the rolling stock, at absence of accelerated cooling, is
accompanied by qualitative changes (Fig. 3, b).

In order to increase hardness of metal of the railway
wheel, in addition to thermal hardening, it was once
proposed to increase the carbon concentration in steel
to 0.69 %. It was believed that increasing carbon con-
centration would contribute to decrease in the volume
fraction of structurally free ferrite and increase degree of
super saturation of solid solution for carbon during ther-
mal hardening of the wheel elements. However, in com-
parison with wheels (with a strength of up to 1 GPa), an
increase in the number of sliders at wheels with 0.69 % C
was obtained [14].

To determine the mechanism of influence of carbon
content in the steel on the number of emerging sliders
during operation of wheels, it is necessary to use the
iron-carbon phase equilibrium diagram [25]. When
heating steel, the temperature of pearlite transformation
into austenite is 727 °C (Ac;). For the manufacture of
railway wheels, steels with a carbon content within the
range of the grade composition of 0.55—0.65 % C are
used, but the use of steel with 0.69 % C led to significant
embrittlement of railway wheels.

According to the analysis of the phase diagram, the
higher carbon content, the lower temperature (Ac;) of
complete transformation ferrite-pearlite mixture into
austenite. The resulting effect can be identified as a de-
crease in metal’s resistance to the onset of hot plastic
deformation.
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Fig. 3. Structure of heat-hardened steel with 0.6 % C (a)
[14], in the slider section without cooling (b) and after
accelerated cooling (c). Magnification:

a— 800; b — 2,000; c — 18,000

Indeed, considering that during local wheel sliding,
a thin layer of metal in the contact zone with the rail is
able to heat up to temperatures of the ultra-high plas-
ticity, increasing the carbon concentration of steel
should only contribute to bringing the moment of slip-
page closer.

The above generalization is confirmed by the assess-
ment of recrystallization temperature in carbon steel,
which can be considered as a boundary of the beginning
development processes of softening of cold-deformed
metal on the rolling surface. Thus, the temperature in-
terval of the development recrystallization by most met-
als and alloys is subject to the dependence

TRNK‘ Ts,

where T is the recrystallization temperature; K'is the co-
efficient, for recrystallization it is equal to 0.4—0.6; T is
the solidus temperature according to the phase diagram.

With increasing carbon concentration in steel, 7
decreases. Additional confirmation is the results of the
study into kinetics of changes in strength characteristics
of thermally hardened steels upon heating. It was deter-
mined that the rate of decrease in strength steel of the
railway wheel T, starting from temperatures of
500—525 °C, exceeds the similar characteristics of steel
of the wheel P [14].

Thus, one of the reasons for the increase in the num-
ber of damages to the rolling surface of the wheels by type
T in comparison with type P may be increased plasticity
ofthe steel after the same heating, higher than 500—525°C.
The decrease in resistance of the metal to appearance of
the first signs of the plastic flow facilitates conditions of
the emerging moment of sliding wheel on the rails.

If we take into account the fact that area of the wheel-
rail contact patch will increase in proportion to the in-
crease in plasticity, the specific pressure on the rail will
decrease and, as a result, the friction stress will decrease.

Under the same operating conditions of the wheels,
probability of sliding will have an inversely proportional
dependence on the level of arising friction stresses. As a
result, the increased number of formed slippage areas
will contribute to the increase in inhomogeneity of the
hardness distribution on the rolling surface, which will
reduce resistance of metal to the genesis of fracture cen-
ters under cyclic loading [14, 21].

A similar effect on the level of hardness of surface
was observed from to changes in the temperature and
corresponding structural transformations in medium
carbon steel under pulsating contact loads [15, 17].

The degree of sliding was found to depend on the ra-
tio at normal and tangential components of the applied
stress. The hardness along a slip spot, near the boundar-
ies, was higher, and in the middle of a spot it was lower.
Micro hardness measurements along the slip area on the
rolling surface of the railway wheel also revealed a soft-
ening of the metal, which is proportional to the increase
in the heating temperature. At the boundaries of a slider,
where part of the strengthening from cold deformation
was preserved, a slight heating does not lead to a signifi-
cant softening of the metal [12, 14]. Even at absence of
accelerated cooling of the metal, there is no significant
change in hardness at the boundaries of the slider.

As one moves from the boundary along the slider, a
consistent increase in the heating temperature will con-
tribute to the acceleration of softening processes, with
the maximum effect in the middle of the slip spot.
Moreover, in proportion to the increase in the intensity
of metal heating, the temperature gradient will also in-
crease, which is confirmed by the distribution of micro
hardness along the slip area.

At heating temperatures lower than Ac;, the absence
of phase transformations, regardless of the cooling rate,
leads to the emergence of residual tensile stresses. An-
other thing is when the temperature exceeds Ac; value.

According to the Fe-C phase equilibrium diagram,
exceeding Ac, value by temperature is accompanied by
the transformation of pearlite colonies into austenite
grains. As a result, in a thin layer near the rolling surface,
the structure of carbon steel will consist of approximate-
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ly 16—20 % ferrite, and the rest is austenite. With further
cooling, the speed of cooling will determine the mecha-
nism of transformation of the austenite cells. At low
cooling rates, austenite will transform into pearlite colo-
nies of the different dispersion.

Cooling at a rate close to the critical value will lead to
the formation of bainite structures, and at higher critical
values — to martensitic ones.

Thus, formation of slip zones, with different heating
temperatures and cooling rates, transforms the uniformly
hardened rolling surface after cold deformation into a
striped one, with structures ranging from pearlite type
(Fig. 2, a) to a mixture of structures bainite and martens-
itic (Fig. 3, ¢). When operating a railway wheel with the
given structural heterogeneity of metal on the rolling sur-
face, the difference in the ability of components of the
phases to strain hardening should lead to a change in
hardness in a wide range of values. The hardness distribu-
tion along the slider confirms the above position [13, 14].

The influence of rolling deformation on the hardness of
the phases formed at different mechanisms. To determine
the nature of the influence of plastic deformation on the
metal after formation of a slider, the process was simu-
lated under normal rolling deformation conditions. Ini-
tially, samples of the carbon steel with 0.61 % C after
quenching on the martensite were investigated. Samples
with a hardness of 65 HRC were loaded under condi-
tions of the normal rolling deformation on the SMC-2
machine. The influence of deformation was assessed by
the change in hardness of the sample surface.

When rolling deformation without slip, with a nor-
mal pressure 0.2 GPa on the sample and an angular spin-
dle rotation speed of 300 min~', after 1,200 revolutions,
the surface hardness decreased to 60.5 HRC, which was
7 % of the initial state. Additional slip of 10 % contrib-
uted to further softening of the metal. The decrease in
hardness to 60 HRC was achieved with two times less
spindle revolutions. An increase in the value of the slip-
ping does not lead to a change in the nature of softening.
Qualitatively different behavior during deformation of
the rolling was observed for steel with a pearlite structure
(Fig. 2, a). Under constant loading conditions, after
50 spindle revolutions, the hardness increased by 10 %.
The use of sliding at 10 and 20 % led to a corresponding
increase in hardness by 14—15 % from the initial state.

Thus, after formation of a slider on the rolling sur-
face, the boundaries separating metal areas with a quali-
tatively different structural state and the corresponding
nature of behavior at strain hardening, due to the in-
crease in the gradient by hardness at operation of the
railway wheel, are capable of transforming into centers
of the fracture.

The above scheme is confirmed by the successive
stages of transformation structure of the metal on the
rolling surface during operation of wheels. Almost all
cases of formation of the gouges on the rolling surface
are preceded formation of light-colored areas, com-
monly called “white spots” [6, 12].

Such areas are due to the development of phase
transformations in metal of the wheel, which lead to the
formation of martensitic or bainite structures. To the in-
fluence of phase transformations, one should add con-
tribution from the change in geometric dimensions of
the metal under influence of heating temperatures.

In general, if we assume that hardness of the rolling
surface after a certain service life is on average 35 HRC,
then after formation of the slider, it can increase to
55—60 HRC.

Further, with an increase in the total plastic defor-
mation during operation of the wheels, hardness will
decrease. Thus, a sequential change in the structural
state of the metal from the total action of elevated tem-
peratures, high plastic deformations and phase transfor-
mations is similar in influence to the development of
low-cycle fatigue. The accumulated nature of damage at
the microscopic level, after a certain service life of the
railway wheel, causes formation of a metal fracture em-
bryo capable of further growth.

Conclusions.

1. Based on the analysis of the wheel-rail interac-
tion, it was determined that the ratio between effects of
hardening and softening of the metal is the main cause
of damage to the rolling surface.

2. The degree of non-uniformity of distribution of
the plastic deformation and the heating temperature are
the main factors of occurrence of local slipping areas on
the rolling surface of a railway wheel.

3. In proportion to the increase in the intensity of
the wheel slipping along the rail, the metal heating tem-
perature increases along the plane of the contact sur-
face. At heating temperatures of carbon steel above the
beginning of the phase transformations, the mechanism
of structural transformations is determined by the con-
ditions of the subsequent cooling.

4. The formation of a qualitatively sundry structural
state of carbon steel on the rolling surface determines the
nature of influence of plastic deformation on the strength
properties. Areas of the rolling surface with martensitic
or bainite structures soften after plastic deformation, and
those with pearlite structures strengthen.

5. An increase in the difference in the complex of
properties of the carbon steel between areas of the roll-
ing surface with a qualitatively different structural state,
due to an increase in the hardness gradient during wheel
operation, will be able to transform into fracture centers.
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Mera. OOrpyHTyBaHHSI MeXaHi3My VTBOPEHHS
VIIKOMIKEHb IMOBEPXHi KOYEHHS 3aJli3HUYHUX KOJIC
Pi3HOTO PiBHSI MILITHOCTI 11 BUBHAUYEHHSI ONTUMAJIb-
HOTO CTPYKTYPHOTO CTaHY BYTJICIIEBOI CTaTi.

Meroauka. MartepiaqoM [Jisl JOCHIIKEHHS Oyau
crajii pparMeHTiB 0001y 3a1i3HUUHUX KOJIiC i3 KOHLIEH-
tpauiero Byriewo 0,611 0,69 % Tta iHIIMX XiMIYHUX eJie-
MEHTIB Yy MeXaX MapOYHOro CKJIaay. 3pa3Ku il Mexa-
HiYHUX BUMTPOOYBaHb MigaBaay TEPMiYHOMY 3MillHEH-
HIO TSI OTPUMAaHHS Pi3HOTO CTPYKTYPHOTO CTaHy. Mi-
KPOCTPYKTYPY JIOCTiIXKYBaJIU i/l CBITJIOBUM i €J1IeKTpO-
HHUM MiKpOCKONIaMM, 3 BMKOPMCTAHHSM METOIMK
KiJIbKicHO1 MeTasorpadii. 3Hoc MeTany BU3Hauyalu 3a
YMOB CYXOT'O TEPTSI, 3 Pi3HUM CTYIIEHEM ITPOKOB3yBaH-
Hs1, Ha MamuHi Tuiy CMII-2. TBepaicTb olLiiHIOBaIM 3a
MeToanKow PokBsesia, a MiKpoTBEepIiCTh CTPYKTYPHUX
CKJIaJOBUX Ha MiKpoTBepaoMipi Turry ITMT-3.

PesyabTaTn. Ha ocHOBIi aHani3y B3aeMofii Kojieca
3 PEeiKOI0 BU3HAYCHO, IO BMHUKAIOUa HEOTHOPII-
HiCTb pO3MOJiIY MJIaCTUYHOI AedhopMallii i1 TeMIiepa-
Typu pPO3irpiBy y TMJIOIIMHI KOHTAaKTHOI MOBEPXHi
O0OYMOBJIEHI PO3BUTKOM IPOILECiB MPOKOB3YBaHHS.
PosirpiB MeTany g0 TeMIiepaTyp, BULLIUX MOYaTKYy (a-
30BMX MEPETBOPEHD, i HACTYITHE MPUCKOPEHE 0XO0JI0-
JKeHHST BU3HA4YalOTh MEXaHi3M CTPYKTYPHUX Mepe-
TBOpPeHb. Pi3HUIIA MiX CyCimHIMU IOiISHKAMHU TO-
BEpXHiI KOYEHHSI 3 pPi3HUM CTPYKTYPHUM CTaHOM i
BiIMOBIZHUM piBHEM MIIIHOCTI BH3HA4Ya€e YMOBU
dopMyBaHHSA ocepenKy pyHHYBaHHS 3a1i3HUYHOTO
KoJieca Mpu eKcryarTarii.

HaykoBa HoBu3Ha. Po3irpis Metany no remmneparyp,
BUIIMX MOYATKy (ha30BUX MEPETBOPEHD Bil TPOKOB3Y-
BaHHS KoJieca Mo peilli, Ta HaCTYIMHe MPUMYCOBE 0XO-
JIOIKEHHS € MPUYMHOIO YTBOPEHHSI TPali€EHTY CTPYK-
Typ Bill MepJiTHUX A0 MapTeHCUTO-OeiHiTHuX. Lu-
KJIIYHUMIA XapakTep 3MiHU CTPYKTYPHOTO CTaHy MeTaly
BiJl OMHOYACHOTO BIUIMBY MiABUILEHUX TEMIEpaTyp,
BUCOKMX IUIaCTUYHUX AedopmMaliiii i ¢a3zoBux mnepe-
TBOPEHb BiAIMOBIAA€ PO3BUTKY MPOLIECIB MaJIOLMKIIO-
Boi BTomu. [Tnactnuna nedopmaliist TiITHKY ITOBEPXHi
KOUYEHHSI 3 MapTEeHCUTHOIO a00 OCUHITHOIO CTPYKTY-
pPOIO CYIIPOBOIIKYETHCS TTOM SIKIIIEHHSIM, a 3 TIepJIiT-
HOIO — MPOLIECOM 3MillHEHHSI.

IIpakTuyna 3HaunmMicTs. OTpUMaHi pe3yabTaTh po3-
BUTKY (Ha30BUX MEPETBOPEHb y BYIJIELEBil cTasi mpu
HaBaHTAaXXCHHI KOYEHHSIM CTaHYTb Y HAroii Npu BH-
3HAYEHHi ONTHUMAJIbHOIO CTPYKTYPHOIO CTaHy 3ajli3-
HUYHUX KOJIiC pi3HOTrO PiBHS Mil[HOCTI.

Kimouosi caoBa: 3a1i3nuuHe Koaeco, no8epxHs Ko4eH-
Hs, memnepamypa, deghopmayis 3cy8y, meepdicms
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