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Summary

The experiments showed the effect of hardening modes on the width of
hardened tracks. With an increase in the plasma arc velocity by a factor of 4, the track
width decreases by ~ 30%, and an increase in current by a factor of 2 leads to a
proportional increase in the track width. The effect of the cooling rate on the
characteristics of the hardened layer during plasma quenching is studied. It was shown
that the cooling rates at temperatures corresponding to the austenitic region (not less
than 750 °C) and the decomposition temperatures of austenite with the formation of
perlite (700-500 °C) significantly exceed not only the critical quenching rate, but also
the cooling rate during volume quenching in water or oil. As the temperature decreases
and it reaches the martensitic transformation region, the cooling rate slows down. This
helps to prevent the formation of internal quenching stresses arising from the
temperature gradient. The experimental hardening of a solid-rolled railway wheel at the
UDGZ-200 installation shows that in the range of practical operating modes, the surface
layer of the wheel is hardened, which confirms the calculated conclusion about the
optional supply of coolant (water) to the hardened surface during plasma hardening. The
experimental hardening of a solid-rolled railway wheel at the UDGZ-200 unit in the
range of practical operating modes provides hardening of the surface layer of the wheel,
which confirms the calculated conclusion about the optional supply of coolant (water) to
the hardened surface during plasma hardening.
Keywords:

Surface hardening, solid-rolled wheel, plasma arc (jet), heating, cooling rate,
UDGZ-200 installation, experimental hardening, hardening heat treatment, hardened
product, martensitic transformation.

Introduction


mailto:tolkyn_adil@mail.ru
mailto:bogomolov71@mail.ru
mailto:topoljansky@mail.ru

The surface layers of widely used
structural materials used in various
fields of production are gradually
destroyed during operation under the
influence of a natural and aggressive
environment, as well as technological
load. The destruction of the surface layer
occurs due to shock-abrasive wear,
contact friction, corrosion and other
technological factors.

The problem of wear and corrosion
leads to a significant overspending of
metal structural materials used in
industrial production. The development
of technology for wear and chemical
resistance of the surface of materials
exposed to aggressive environments and
mechanical stress will allow more
efficient use of structural materials in
industrial production. Layers of nitrides,
carbides, carbonitrides, etc., created on
the surface of metals and alloys, have
special protective properties with respect
to the action of various aggressive media
[1,2].

Another feature of the processes of
wear and fracture of the surface layer is
that during wear there is a continuous
superimposition of cycles of plastic
deformation and fracture, when the next
cycle follows the ablation of wear
products. Such a dynamic nature of the
process also provides for the dynamic
nature of structural changes in the
surface layer. These sharp changes in the
fine structure and structure of the surface
layer with the external environment and
the formation of wear products in this
case lead to a high concentration of
stresses with a complex pattern of their
interaction in the surface metal layer. As
a result of the influence of these factors,
the fine structure and structure of the
surface layer can turn out to be
completely different in the process of

wear than the initial structure and the
structure of the metal in volume [3, 4].

In this article, the task is to improve
the surface properties of structural
materials on the basis of an economical,
and at the same time the most effective
method - surface plasma treatment. The
use of plasma hardening allows you to
directly process the working surface, to
improve the physical and mechanical
properties and corrosion resistance of
the material. The advantages of this
method include the versatility of
processing, the cheapness of hardening
technology. Moreover, the undoubted
advantage of surface plasma treatment is
the complete absence of harmful
emissions into the environment. Plasma
hardening does not use toxic substances,
flammable and explosive gases, which
ensures environmental cleanliness and
processing safety.

The main effect of plasma exposure
on a material is thermal exposure. In this
case, the samples instantly heat up to a
high temperature, up to the melting and
evaporation temperatures. The exposure
time is usually tens of microseconds,
which provides a high power density.
After the end of pulse heating, the
surface temperature drops sharply due to
heat diffusion into the interior of the
sample. Due to thermal and shock
effects, the depth of plasma exposure
can reach 200 um in the depth of the
sample.

Thus, the plasma treatment is
characterized by the simultaneous
occurrence of nonequilibrium processes
of melting, diffusion, and phase
transformations in the surface layer of
the material [5, 6].

At high loads and high train speeds,
the thin surface layers of the metal heat
up to temperatures exceeding the critical



points (Acl, Ac3) and subsequent
accelerated cooling may form solid, at
the same time brittle, martensite, which
leads to cracking of the surface layers of
the wheel rim.

These objective data indicate that
increasing the wear resistance of the
rolling surface (wheel flange and rim) of
wheel sets is an urgent problem in
railway transport. In recent years,
innovative plasma technologies have
been actively used to solve this urgent
problem.  The attractiveness and
prospects of plasma  hardening
technology are due to the universality of
its parameters, availability,
environmental friendliness and
economic efficiency of use. At the same
time, without changing the general
chemical composition of the material
and its physical and mechanical
properties in the inner layers, such

processing easily fits into the
technological process of repairing
wheels, it is not expensive, quite
productive and being a finishing

operation, it can effectively increase the
operational stability and service life of
locomotive wheel sets and wagons. .

At the UDGZ-200 manual plasma
hardening unit, the effects of the
cooling rate on the characteristics of
the hardened layer under various
conditions of surface  plasma
hardening were studied. The use of
the UDGZ-200 manual plasma
hardening unit in this work is justified
by the fact that it has certain
advantages over automated plasma
hardening units, which do not require
large capital expenditures for the
acquisition of expensive mechanisms
in the form of a support for moving

Materials and methods of research

the plasmatron over the surface of the

machined parts, robots for
manipulation  during  operation,
automatic  machines, etc. The
technology of hardening heat

treatment by hardening consists in
heating steel above e critical
temperatures (Acl or Ac3) followed
by rapid cooling. As you know, rapid
cooling in the practice of traditional
heat treatment is provided by placing
a heated part in a cooling liquid
(water, oil, mixtures of salts and
alkalis, etc.) or by supplying liquid to
the heated surface of the hardened
product (spray cooling). In plasma
hardening, a part or plasmatron moves
along the processing surface at a
speed that provides a critical
hardening rate, i.e. the minimum
cooling rate at which the high-
temperature phase (austenite) turns
into martensite without decomposing
into a ferrite-cementite  mixture.
Depending on the speed of movement
of the part (plasmatron), the heating
can be with micro-fusion or without
micro-fusion of damage to the surface
of the part. In the case of reflow, one
should not allow gross damage to the
surface of the hardened part, which, as
a rule, is accompanied by the
formation of drops of molten metal.
Such non-forced cooling, which
provides quenching with heat removal
to cold areas of the hardened part
without supplying coolant to the
heated surface, is widely used to
increase the wear resistance of such
large and massive products as heavy
machine tool spindles, solid-rolled
railway wheels, rolling rolls, etc. [1,
11].



In this article, in accordance
with the theory of N. Rykalin [2,3] the
cooling rate when heating a large
(massive) body is investigated, such
as a single-rolled wagon wheel, under
the conditions used in the UDGZ-200
manual plasma hardening unit. Using
the formula @ = ¢/ 2n A v t2, the
cooling rates were calculated at a
point on the axis of motion of a
powerful point heat source 1 s after its
passage through a heat source. The
power of the plasma arc is
proportional to the current strength
and the voltage drop across it. The

hardening voltage is not regulated.
The remaining plasma treatment
parameters are selected in the ranges
typical for the UDGZ-200 installation.
The plasma arc power g = IU, while
the voltage is constant, equal to 30 V
(U = const), the current strength
varies in the range of 50-250 A, the
thermal conductivity of the steel is
constant, equal to 47 W / (m 0C), the
speed of arc movement varies in range
5-40 m / h, constant time (t = const),
equal to 1 s. The exact values of the
calculation values are presented in
table 1.

Table 1 - Dependence of the cooling rate on the speed of movement of the
plasma arc (hardening rate) at various values of current

Ser. |v, m/h v, m/s o,’Clc atl, A

No. 50 100 150 200 250
15 0,0014 |3631.96 |7263.92 |10895.88 |14527.85 |18159.81
2 |10 0,0028 |1815.98 |3631.96 |5447.94 |7263.93 [9079.91
3 |20 0,0055 |92421 |1848.43 |2772.64 |3696.86 |4621.07
4 |30 0,0083 |612.24 |1224.49 |1836.73 (244899 |3061.22
5 |40 00111 |457.88 91575 |1373.63 |1831.50 |2289.38

As can be seen from the table,
the numerical values of the cooling
rate (18159.81-612.240 C/s) for all
current values from 50 to 250 A
exceed the critical quenching rate in
water, which according to [4] is ~
5000 C/s. The exception is the cooling
rate (less than 500 °C/s) at a current of
a plasma arc of 50 A and a speed of its
movement of 0.0111 m/s, which is
equal, according to the calculation, to
457.880 S/s. Thus, we can conclude
that, when high-temperature plasma-
jet high-speed heating of massive
parts is heated in almost the entire
selected processing range of the part,
the critical cooling rate required for
plasma quenching is ensured by the

strength of the arc current and the
speed of movement of the part. Note
that medium carbon structural steels
are hardened even at significantly
lower cooling rates.

The effect of simultaneously
varying the cooling time and the
thermal conductivity of steel on the
change in the cooling rate during
plasma quenching calls scientific and
practical interest. The cooling rates
were calculated with the value of the
thermal conductivity of carbon
structural steel (~ 47 W/ (m°C) [5]. It
Is natural to assume that the value of
the cooling rate affects the final
structural state of the steel. Small
values of the cooling rate (with a



longer time) correspond to a high
temperature range , in which austenite
decomposes (more than 550 0C), and
cooling rates at shorter times
correspond to low temperatures, when
martensitic transformation occurs, i.e.
steel has already acquired akalennuyu
martensitic structure.

The calculation was performed
with the following initial data. The

thermal conductivity of steel (~ 47 W
/ (m°C), current strength | (150 A) and
arc voltage U (30V) are constant, arc
power q = IU = const (4500VT), the
arc travel speed is also constant and is
20 m / h, the time from the start of
heating ranged from 2 s to 16 s.The
calculation was carried out according
to the above formula, the results are
shown in table 2.

Table 2 - the dependence of the cooling rate on time

Ser.No. t, c 2 4

6

8 10 12 14 16

1 ® 694.44 |173.61

°C/c

77.16

43.42 | 27.78 |19.29 |14.17 |10.85

As can be seen from the presented
calculation data, as the plasma arc
moves away from the considered
point, the cooling rate substantially
slows down. This indicates that
immediately after the start of cooling,
the temperature rapidly decreases and
there is not enough time for austenite
decomposition by the diffusion
pearlite  mechanism  with  the
formation of soft structures (ferrite-
cementite mixture), therefore
supercooled austenite quickly reaches
the region of martensitic
transformation and its decomposition
occurs by the  diffusion-free
martensitic mechanism with the
formation of a solid martensite
structure [6, 7, 12].

In order to specify at what
temperature and, correspondingly,

time, a transition is made from the
diffusion-free martensitic
transformation (rapid cooling) to the
not so fast diffusion pearlite
transformation, a calculation is made
for a typical quenching mode. The
time range is limited to 6 s., since the
most significant slowdown of the
cooling rate occurs in it.

Initial data for calculation:
temperature for heating T=q/2n A v
t; coefficient of thermal conductivity
of steel (~ 47 W / (mOC), current
strength - | (150 A) and arc voltage -
U (30 V), arc power g = IU = const
(4500 VT), arc movement speed is
also constant and is 20 m / h, the time
from the beginning of heating ranged
from 1 s to 6 s. The calculation results
are shown in table 3.

Table 3 - the dependence of the temperature on time during hardening

Ser.
No.

2777,78

1388,89

925,93

694,44 | 555,56 |462,96




The main results of research

According to the data in Table
3, a significant slowdown in the
cooling rate after 4 and 6 s occurs at
temperatures of 694.44 and 462.960
C, i.e. in the interval immediately
preceding the interval of martensitic
transformation of medium-carbon
steels (400-200 OC). This confirms the
above calculations, which show that
during plasma hardening, the cooling
rates are high (for current 150 A and
part speed 5m / h 10895.880C), to
prevent decomposition of supercooled
austenite by the pearlite mechanism
with the formation of soft perlite
structures (ferrite cementitious
mixture). From table 3 it can be
concluded that is important for
practice, that in the interval of
martensitic transformation the cooling
rates decrease. This helps prevent
quenching cracks due to temperature
gradients. This method of quenching,
which consists in rapid cooling to
temperatures of 400-5000C, then
delayed cooling, is used in the
practice of hardening heat treatment
and is known as quenching in two
environments. First, the part is
immersed in water and after a short
exposure in water is transferred to oil.
Therefore, this method of quenching
is called quenching through water into
oil.

Rapid cooling in water prevents
pearlite transformation, and
subsequent delayed cooling in il

reduces quenching stresses in the
martensitic range. As practice shows,
here the most crucial moment is
exposure to water, the duration of
which is set for each particular
product. Both overexposure and
underexposure can lead to marriage.
Partial or complete decomposition of
austenite occurs during underexposure
in water and underestimates hardness,
while overexposure produces strong
hardening stresses that can lead to
warping and cracking. Despite these
drawbacks, quenching through water
into oil is widely used in the
manufacture of carbon steel cutting
tools. It is known that carbon steels
have low hardenability and therefore a
cutting tool from it cannot be
quenched in oil [8, 13, 14].

In plasma hardening, the width
of the hardened tracks in one pass of
the plasmatron is of practical
importance, since it determines the
productivity of the process. Therefore,
it is of interest to predict the width of
hardened tracks according to the
calculation scheme used in this work.
The width of the hardened tracks at a
temperature of 750 ° C was
calculated. This temperature is taken
as the minimum  temperature
necessary for complete austenization
of steel, i.e. the temperature of the
hardenability of the steel during
subsequent rapid cooling.

2| =\/ 8(:]/71? A% Cp ATI,

where 21 is the width of the heating zone up to 750 0C;
C, is the heat capacity of steel equal to 4.8 J/(cm3K);
current strength varies | = varia, equal to 100, 150 and 200 A;

arc voltage U = const (30B);



plasma arc velocity v = varia (10, 20, 30, 40 m/ h);

temperature increment is constant.

The calculation results are given in table. 4 and in fig. 4 show that in the
studied range of processing modes, the width of the hardened track varies between

13.8 and 39.1 mm.

Table 4 - Dependence of the width of the hardened (hardened) track on the

current strength during plasma hardening.

Ser.No. | v, m/h v, cM/S 2lcem, atl, A
100 150 200
1 10 0,278 2.76 3.39 3.91
2 20 0,556 1.95 2.39 2.76
3 30 0,833 1.59 1.95 2.26
4 40 1,111 1.38 1.69 1.95

Below are the results of a study
of the surface hardening of a solid-
rolled railway wheel made of steel
grade 2 according to GOST 10791-
2011. The chemical composition of
grade 2 steel for railway wheels:%, C-
0.64; Mn-0.58; Si 0.34; P-0.008; S-
0.020; V-0.025; Ni-0.043.

A solid-rolled railway wheel is
considered as a semi-infinite body,
considering that when hardening
single strips, heating the wheel does
not affect the quality of hardening.

To ensure the necessary speed
of rotation of the wheelset during

plasma  hardening, a  rotation
mechanism  was  designed and
manufactured, equipped with a special
gear motor that allows you to change
the rotation speed. A strip of the ridge
and wheel rim is subjected to plasma
hardening. The hardening zone begins
at a distance of 5-8 mm from the top
of the ridge. The tracks were
tempered at different speeds and at
different currents. After quenching,
the hardness was measured using a
MET-U1 portable ultrasonic hardness
tester [9, 10]. The results of the study
are shown in table 5.

Table 5- Dependence of hardened track width and Rockwell hardness on current

strength and hardening rate

Ser.No. I, A Vhar, M/ Track width, mm | Hardness HRC,
(hardness MET-V1)
1 100 10 9 62
25 7 61
40 6 61
2 150 10 11 60
25 9 61
40 7 59
3 200 10 15 63
25 13 63
40 10 64




The hardness of the hardened
tracks is practically independent of
the current strength and the speed of
movement of the plasma arc. This is
due to the fact that the cooling rates
during plasma quenching significantly
exceed the critical quenching rate.
Note that a slight increase in hardness
from 61 to 64 HRC with an increase
in current strength from 100 to 150 A
cannot be explained only from the
standpoint of cooling conditions. With
a certain degree of simplification, this
can be explained by an increase in the
residence time of the heated metal in
the austenitic state, and, as a
consequence, a more complete
dissolution of alloying elements in it,
contributing to an increase in the

Discussion of the data

In the work, the calculation
method investigated the effect of the
cooling rate on the characteristics of
the hardened layer during plasma
hardening. It was shown that the
cooling rates at temperatures
corresponding to the austenitic region
(not less than 750 ° C) and the
decomposition ~ temperatures  of
austenite with the formation of perlite
(700-500 ° C) significantly exceed not
only the critical quenching rate, but
also the cooling rate during bulk
quenching in water or oil. As the
temperature decreases and it reaches
the martensitic transformation region,
the cooling rate slows down. This is
of great practical importance, as it
favors the prevention of the formation
of internal quenching stresses arising

Conclusion

The results of the studies
showed that the cooling rate at
temperatures corresponding to the

martensite hardness [15, 16, 17].

The experiments also show the
effect of hardening modes on the
width of hardened tracks. As can be
seen from table 5, with an increase in
the speed of movement of the plasma
arc by 4 times, the width of the track
decreases by ~ 30%, and an increase
in current strength by 2 times leads to
a proportional increase in the width of
the track. The best agreement between
the calculated and experimental
values of the width of the hardened
track was obtained at high speeds of
movement of the plasma arc relative
to the workpiece. This is because the
design scheme assumes a fast-moving
heat source.

due to the temperature gradient. The
experimental hardening of a solid-
rolled railway wheel at the UDGZ-
200 installation shows that in the
range of practical operating modes,
the surface layer of the wheel is
hardened, which  confirms the
calculated conclusion about the
optional supply of coolant (water) to
the hardened surface during plasma
hardening. It is shown that the
experimental hardening of a solid-
rolled railway wheel at the UDGZ-
200 unit in the range of practical
operating modes provides hardening
of the surface layer of the wheel,
which  confirms the calculated
conclusion about the optional supply
of coolant (water) to the hardened
surface during plasma hardening.

austenitic region (not less than 750
0C) and the  decomposition
temperatures of austenite with the



formation of perlite (700-500 0C)
significantly exceed not only the
critical quenching rate, but also the
cooling rate during volume quenching
in water or oil. This ensures hardening
of the workpiece without the use of
concomitant cooling at the UDGZ-
200 plasma hardening unit.

As the temperature decreased
and it reached the martensitic
transformation region, a slowdown in
the cooling rate was observed. This is
of great practical importance, as it
favors the prevention of the formation
of internal quenching stresses arising
due to the temperature gradient. In the
technology of heat treatment of parts
to obtain such an effect, a method of
quenching through water into oil is
used. In surface plasma treatment,
such a quenching method is present
naturally, which makes it
technologically attractive.

In  turn, the experimental
hardening of a solid-rolled railway
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MJIA3MAJIBIK BEPIKTEHIIPY KE3IHJAETT TYTACWJIEMJIEHTEH
JTOHFAJIAKTBIH BEPIKTEHIIPIITEH KABATBIHBIH,
CHUTIATTAMACBIHA CAJTKBIHIATY KBLIIAM/IBIFBIHBIH OCEPTH
3EPTTEY

T.E . * Capcembaesa, A.B. > Bozomonos
A.T . ' Kanaes, I1.A. *Tononanckuii,
e Cetighynnun ameinoazvl Kazax azpomexHuxkanvlk yHugepcumemi,
Kenic oane. 62, k. Hyp-Cyaman,
2 C.Topaiiebipos amwindagel memnexkemmix Ilagnodap ynusepcumemi,
3 Hankmer Iemp amoinoager Canxkm-Ilemep6ype nomumexHuKanbix yHusepcumeni

Tyiiin

Toxipubenep HOTHXKECIHIE OEPIKTEHIIPY PEKUMICPIHIH OSPIKTCHIIPIITeH
JKOIIApJbIH €HiHEe oceplH KepcerTi. IlmasmanblK J0Fa SKbUIIAMIBIFBIHBIH 4
dakTopra apTybIMeH koabIH eHl ~ 30% TeMeH e 11, all TOKTHIH 2 €ce apTybl KOJl
CHIHIH TIPOMOPIMOHAIAL eocylHe okeneal. CalKbIHIATy KbLIJaMJIbIFBIHBIH
IIa3ManblK OCpIKTEHIIPY Ke31HAeTl KaTaWThUIFaH KabaT cumaTTamajapblHa dcepi
3epTTENreH. AYCTCHUTTIK aiiMakKa COMKEC KENETIH TeMmrepaTrypaja CaJKbIHIaTy



xpurmamaeFel  (750°C-TaH keM  emec) koHe NEepPAUTTIH TMaiaa OoJybIMEH
AYCTGHUTTIH blObIpay Temmeparypachl (700-500°C)  KpUTHKAIBIK —TOKTAy
KBUITAMJIBIFBIHAH FaHAa €MEeC, COHbIMEH Oipre cyaa Hemece Maijga Keyemi
COHJIIPY Ke31HJE CAJKbIHAATY XKbUIJAMIBIFBIHAH Jla acChIll TYCETIHI KOPCETUITEeH.
TemmnepaTypa TOMEHJEM, 0J1 MAPTEHCHUTTIK TpaHchopMaIus aiiMarbiHa JKETKCH]IE
CAIKBIH/IATY KBUITAMIBIFBI Oasynaiabl. byn TemmepaTypaiblK TpaJueHTTEH
TYBIHJIAUTBHIH 1K1 JKaHy KEpHEYJIEepIHIH ajjiblH anyra kemekrteceni. Y JII'3-200
KOHJIBIPFBICBIHJAFBl  KATThl JIOMajaK TEMIP>KOJ JIOHFaJaFbIHBIH TOXIPUOEITIK
OEpIKTEeHYl MPAKTUKAIBIK KYMBIC PEKUMICPIHIH ayKbIMBbIHAA JOHFAJAKThIH OCTKI
Ka0aThl KaTaMTBbUIFAHBIH KepceTell, Oy IUa3MalblK OepIKTEeHAIpY Ke3iHJe
KaTaThUIFaH OETKE CaJKbIHIATKBIITHIH (CyIbIH) KOCBIMINA Oepiayl Typasbl
€CEeNTIK KOPBITBIHABIHBI pacTaibl. [lnasmanbiK MIBIHBIKTEIpYFa apHanran Y JI'3-
200 KypBUIFBICBIHIA OKYPTI3UIT€H OKCIEPUMEHT KOPCETKeHIEH, TyTacTai
WIEMJICHTCH TEMIPXKOJI JOHFaJaKTaphIHBIH KYMBIC OETTepiH OepiKTeHIIpye
KOJIAaHBLJIATBIH ~ KECTENEP/IiH MPAKTUKAIBIK ~ WHTEPBAIbIHAA  IUIa3MaJIbIK
IIBIHBIKTHIPY YIIIH OHJEICTIH CHIPTKBI OETTI Cy HEMece CYJIIH €PTIHAICIH KOJIAaHy
apKbUIBI KYprizy (ecemreyiep pactaraHmai) MIHIETTI  €MECTITIH JAQJCICH
pacTaiabl.
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Pesrome

OKCHEpUMEHTHI TOKA3bIBAIOT BIHMSHHUE PEXKUMOB 3aKallKd Ha IIUPUHY
3aKaJICHHBIX JOpOXKeK. [Ipu yBeIMYEHHH CKOPOCTH TepeMEelIeHHs ILIa3MEeHHOM
nyrd B 4 pasza mupuHa JTOpoKKH yMmeHblmaercss Ha ~30 %, a yBenMueHHUE CHUIIbI
TOKa B 2 pa3a MPUBOAUT K MPOMOPIIUOHATHHOMY YBEIWYCHHUIO IIUPUHBI TOPOKKH.
HccnenoBaHo BIUSHUE CKOPOCTH OXJIAXKICHUS HA XapaKTEPUCTHKU YIIPOYHCHHOTO
CJIOSI TpW IUIa3MEHHOM 3akanke. [loka3zaHO, YTO CKOPOCTH OXJIAXKJICHUS IPH
TeMITepaTypax, COOTBETCTBYIOIIHX aycTeHHTHOH obmactu (e menee 750 °C) u
TeMIleparyp paciaga ayCTeHWTa c obpasoBammeMm mepiuta (700-500 °C)
CYIIECTBEHHO TPEBOCXOIAT HE TOJBKO KPUTHYECKYIO CKOPOCTh 3aKaJIKH, HO H
CKOPOCTH OXJIQXKIEHHsI TpU OOBEMHOW 3aKajike B BOAYy WM Macio. [lo mepe
CHIDKEHHSI ~TEMIIEpaTypbl W  JOCTHXKEHHUS €10 00JacTd  MapTEHCHTHOTO
IPEBpaIlleHUs] CKOPOCTh OXJIAXKIEHUS 3aMeuiieTcs. ITO OnaronpusTCTBYET
NPEAYNpPEXKACHUI0  O0pa3oBaHMsA BHYTPEHHHUX  3aKaJIOYHBIX  HaNpsDKEHUH,
BO3HHUKAIOIIMX  M3-3a TpPaJUeHTa TeMIeparyp. OKCIepUMEHTaIbHas 3aKayka
[EJTPHOKATAHOTO  KEJIE3HOJJOPOKHOTO  Koieca Ha  ycraHoBke — Y/(I'3-200
MIOKA3bIBACT, YTO B JMAaNa30HE MPAKTUYECKUX PEKUMOB pabOThl oOecreunBaeTcs
3aKajika TIOBEPXHOCTHOTO CJIOSl KOJIeCa, YTO IMOITBEPKAAET PACUYCTHBIA BBIBOI O
HEOoOsI3aTeIbHOM TI0/1aue OXJIAXKIAIOMICH >KUIKOCTH (BOABI) HA 3aKaJIMBAEMYIO
NIOBEPXHOCTh TIpW IUIA3MEHHOHN 3akanke. [loka3aHo, 4TO SKCIEpUMEHTAIbHAS
3aKaJika IeIbHOKATaHOTO KEJIe3HOOPOKHOTO Kojieca Ha yctaHoBke YJII'3-200 B
qUana3oHe  NPaKTUYECKUX  PEKUMOB  paboThl  00ECIEYMBAET  3aKAJKY
IIOBEPXHOCTHOTO CJIOSI  KoJieca, 4YTO TMOATBEPXKIAET pPACUYCTHBIA BBIBOA O
HEOoOsI3aTeIbHOM TI0/1aue OXJIAXKIAIONIEH JKUAKOCTH (BOABI) HA 3aKaJIMBAEMYIO
TIOBEPXHOCTH MPH TUIa3MEHHOU 3aKaJKe.
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