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Features of modeling the process of researching the thermally stressed state
of bowls for transporting liquid slag

As is known, in metallurgical shops of blast furnace and steelmaking processes, slag carriers are
used to drain slag and transport it. The main and most expensive part of a slag carrier is the bowl,
which is a steel casting in the form of a thick-walled shell of various configurations.

Currently, in blast furnace shops, the most widely used bowls are 16 m3 in volume, based on frames
with carriages and moved by biaxial railway-type undercarriages. At the same time, automobile-
type slag carriers carrying one bowl began to be introduced at metallurgical enterprises.

The average service life of the bowls is insignificant and on average it is 500-1000 fillings,
depending on the chemical composition of the slag, its temperature and a number of other factors.
The main reasons for the failure of slag bowls are changes in their shape during operation, expressed
in the formation of an annular or local narrowing in the area of the support ring, as well as the
appearance of longitudinal and transverse cracks in the walls. Automotive-type bowls last much
less due to the frequent failure of the axles, by means of which the axle is mounted on the body of
the slag carrier.

The above defects appear as a result of cyclic thermal effects caused by natural technological
processes in the operation of slag carriers.

In a solid body, uneven thermal expansion cannot occur freely and causes thermal stresses, which,
in combination with mechanical ones from external forces, can cause significant plastic
deformations, leading to complete or progressive destruction of the structure.

Knowledge of the magnitude and nature of the distribution of thermal stresses is necessary for a
comprehensive analysis of the strength of the structure, and in-depth studies of the thermally
stressed state of bowls during their operation will make it possible to develop and adopt engineering
solutions to increase their service life.
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Introduction.

Temperature stresses are of great practical interest for the metallurgical industry. The struggle for further
development of metallurgy, for metal saving is connected with maximum reduction of rejects of liquid slag
transport bowls due to temperature stress cracks and other bowl defects arising from temperature loads.

A direct way to build the theory of temperature stresses for different shapes and designs of slag bowls
would be to write equations for elastic and plastic zones and to solve these equations jointly taking into
account boundary conditions. However, to solve this problem to date there is not enough data on the
distribution of elastic stresses in the walls of slag bowls, nor on the parameters of temperature loads on the
slag bowl in the process of slag pouring and its transport, nor on the understanding of changes in physical
and mechanical properties in the bowl material when reaching the temperature at which the metal loses its
elastic properties and temperature stresses begin to dissipate.

As mentioned above, slag bowls fail as a result of changes in shape (formation of circular or local
constriction in the area of the support ring (railway-based bowls) and destruction of support trunnions for
road-based bowls), as well as from cracks in the walls. These defects are caused by the cyclic temperature
effects of slag. Uneven expansion due to high temperatures causes thermal stresses in the bowl wall, which,
either by themselves or in combination with mechanical stresses from external forces, cause plastic
deformations. Variable elastic-plastic deformations lead to thermal bulging of thin-walled structures, cracks
appear, and failure occurs. Repeated exposure to high temperatures causes thermal fatigue of the bowl walls.
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With the development of computer technology, research methods based on numerical methods for
solving differential equations have become available. In conjunction with three-dimensional modelling, the
finite element method is widely used in practice. However, the algorithm for solving the static problem using
this method of investigation and the thermal problem differ significantly. This is due to significant
temperature deformations of the investigated object, as well as the presence of the contact boundary between
the two media.

Methods and Materials.

The tasks of determining the temperature stresses arising in metallic structures have been relevant since
the end of the century before last. The formation of thermal stresses is caused by the fact that individual parts
of the heated object cannot change their dimensions in accordance with the expansion temperatures. When
metal is heated, it expands and increases in volume. With increasing complexity and uneven temperature
loading, the most heated parts of the object expand more than the less heated parts. This in turn leads to
stretching of the material within the heated structure [1].

The tasks of determining the temperature stresses in metallurgical equipment and, accordingly, the
problem of improving their thermal resistance were actively engaged in the staff of the Department of
Theoretical Mechanics of the National Metallurgical Academy of Ukraine, as well as PKTI PJSC
"Dneprotyazhmash".[2].

Investigations of thermal stressed state of bowls for liquid slag transportation of different designs were
carried out using strain gauge method of research. The results of the conducted studies indicated that the
temperature of the bowl surface, during its operation, can reach 500° C, and the stresses arising in the structure
- in the range of 120-150MPa.

In analytical methods of solution, the authors represented the slag bowl as a thin-walled shell of rotation
of constant thickness under the action of external contour forces and temperature field distributed
symmetrically about the axis [2]. The following calculation scheme was used. The bucket was conditionally
divided into three parts: upper conical, cut off at the level of stops, middle conical and lower spherical.
External forces with bending moments were applied to the parts, and the problem was solved using the
equations of elasticity theory.

The results of the work done give a definite but not complete picture of the thermoelastic state of slag
bowls but are of great interest in terms of experimental results.

With the development of electronic-computing machines, the finite element method [3-8] has been used
to solve problems in mechanics concerning the study of the stress-strain state of various elastic bodies.

So in [3] comparative results of research of thermal stress state of slag bowls of domestic and German
production are presented. The work shows that the maximum stresses occurring in the walls of the bowl are
200 MPa.

Studies of thermal stress state of bowls for liquid slag transportation are also presented in a number of
papers [4]. The authors conducted a number of studies to determine the stresses in the bowl wall when it is
filled with slag. As a result of these studies the values of maximum stresses occurring in the slag bowl are
indicated, the dependences of temperatures occurring in the bowl wall on the time at which the molten slag
is in the bowl are presented. Ways of solving the problem of increasing the resistance of slag bowls at their
intensive operation are presented.

The determination of temperature stresses in an elastic body requires the use of several key
formulas related to thermo-deformation and the laws of elasticity. The following are the
fundamental formulae required to calculate thermal stresses.

The generalised Hooke's law is a system of linear equations relating stresses and strains in a
material. It is used to calculate the stress-strain state in elastic materials, taking into account both
mechanical loads and temperature effects [9].

o, = A8, (&, —30AT)+2u(e, —aATS,), (1)

O-ij - stress tensor components

&

; - strain tensor components
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A,0 - coefficients
0, - Kronecker symbol

«a - coefficient of linear thermal expansion
AT - temperature change

A= @

A= 3)

The equations of equilibrium can also be used to solve the problem of the thermal stress state
of the slag bowl. Differential equations of equilibrium in the theory of elasticity describe the balance
of forces in an elastic body. These equations provide the condition under which the internal stresses
in the body are in equilibrium with the applied external forces.

For the case of temperature deformations, the differential equations of equilibrium in displacements can
be generalised and presented in the following form

gxZ%‘[UX—V'(O—y"'Gz)J_a'AT, 4)
gy:%.I:Gy_v.(ax-i_o-Z)il_a.AT, (5)
L

Where - 0,0 ,,0, normal stresses, Pa

In the quasi-static problem of thermoelasticity, the effect of coupling of the temperature and strain fields,
as well as the inertia forces due to the unsteady temperature field, are not taken into account, and time ¢ plays
the role of a parameter.

The first stage of solving static and quasi-static problems of thermoelasticity consists in determining the
temperature field 7. It is reduced to solving Eq.

/1V2T—c-paa—7;+W:0, (7)

where A is the heat transfer coefficient,

¢ - specific heat capacity,

£ - density,

W - intensity of heat sources attributed to the unit volume.

After solving the equation under certain thermal initial and boundary conditions, the thermoelastic stress
state is determined. The boundary conditions depend on the temperature operating conditions and the design
of the object under study.

The well-known law establishing the relationship between strains and stresses allows us to obtain the
following expression relating the strain from thermal expansion to the temperature stress:
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where ¢ is the coefficient of linear expansion of the material
AT - temperature difference in the research area,’ C

E - modulus of elasticity, Pa

v - Poisson's ratio

This expression allows us to determine the stresses in the object under study, when it is uniformly heated,
with respect to the plane problem. It is not possible to use expression (8) to investigate the volumetric thermal
stress state taking into account the application of external forces to the body.

The determination of temperature stresses in a three-dimensional object is a complex problem,
for which in most cases an analytical solution is not possible due to a number of reasons and the
above mentioned. Also, three-dimensional objects, to which the slag bowl belongs, have complex
and inhomogeneous geometry. As a consequence, a heterogeneous temperature field will be formed
in the bowl, which, together with the need to solve a system of differential equations (equations of
equilibrium, joint deformation and generalised Hooke's laws) in partial derivatives, reduces the
problem to the category of unsolvable.

The finite element method, as a numerical method for solving differential equations based on
three-dimensional computer modelling, is optimally suited to solve this problem.

Results and Discussion.

When analysing the thermal stress state of objects experiencing thermal effects, which include
slag bowls, a number of conventions must be taken into account.

When modelling the location of molten slag in the bowl, the following assumptions must be
taken into account:

1. The physical and mechanical parameters of liquid slag are assumed to be constant and
independent of temperature.

2. The physical and mechanical parameters of the material from which the slag bowl is made
vary with temperature.

3. Temperature resistance is present at the slag-bowl interface due to the application of lime
mortar to the bowl.

4. The slag bowl and slag mirror are in contact with the environment, resulting in heat exchange

Unlike classical finite element calculations for determining the stresses and deformations of an
object arising in the elastic zone, the algorithm for analysing temperature stresses is somewhat
different. Firstly, in order to obtain temperature stresses, it is necessary to determine the temperature
field arising in the object under study. This is a kind of applied load on the object under study, and
in some cases the temperature field causes stresses in the structure greater in magnitude than
mechanical forces.

In the study of structures, equipment of metallurgical plants, which include slag bowls, ladles,
iron and steel ladles, then in them it is necessary to take into account the temperature resistance
arising between the product and the liquid medium. Thus, Fig. 1 shows the final process of draining
liquid slag from a slag ladle. The figure shows the precipitation of the slag crust formed when the
slag cools and reacts with the inner lining of the ladle. This "crust" serves as a temperature resistance
protecting the bowl from overheating [10].
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Fig. 1 Garnish falling out of the slag bowl on the truck during slag draining process

Fig. 2 shows the results of computer modelling of the dynamic temperature field of the slag bowl at the
same moment of time equal to 30 minutes after pouring at different values of the temperature resistance of
the bowl.

As practice shows, when operating a slag lorry, slag stands idle in the bowl of a railway slag lorry for
40-80 minutes on average [2-4]. Thus, the temperature field of the bowl will be dynamic and change in time.
Experimentally it was found that the temperature of the bowl wall obtained in experimental studies presented
in [2, 3], as well as in computer modelling are close at the temperature resistance between slag and bowl

K
4'10_45 (Fig. 2.a).

The figure shows that when the temperature resistance is reduced to 8 times of the set temperature
resistance (Fig. 2.d), the maximum bowl temperature increases by 167° C, which is 23% at 1800 seconds of

K
bowl operation. When the temperature resistance is reduced to10~* B_ (Fig. 2.c¢), the maximum bowl
m

K
temperature increases by 140° C, which is 19.5%. When the temperature resistance is reduced to2-10™* —
m

(Fig. 2.b), - the temperature of the bowl increases by 67° C, which is 9%.

Thus, it is shown that the temperature resistance between the slag and the bowl directly affects the
characteristics of the temperature field of the bowl, which in turn entails certain values of temperature
stresses.

An important factor in the study of thermal stress state of slag bowls is to take into account the
dependence of physical and mechanical parameters of the material on temperature (tab. 1). Thus, Fig. 3 shows
the results of the study of the thermal stressed state of slag bowls at temperature-dependent material
parameters (Fig. 3.a) and material parameters at a temperature of 20° C, specified in Table 1 (Fig. 3.b).

From the results of studies presented in Figure 3, it follows that the nature of stress distribution in the
bowls has a similar character. Significant stress difference for both cases is observed in the zone of slag
mirror location. This phenomenon is well explained by expression (8). At a significant temperature difference
in the bowl wall, which just happens in the zones of slag mirror location, the temperature stresses will be the
greater, the greater will be the temperature difference.
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Figure 2. Temperature field of the slag bowl at different temperature resistances:
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Table 1
Temperature dependence of physical and mechanical parameters of the bowl
Temperature,° C | Modulus of Coefficient of Thermal conductivity, Specific heat
elasticity, 10° thermal W/(m- deg) capacity, J/(kg- deg)
MPa expansion, 10

(1/degree)

Steel 25L GOST 977-88
20 1,98 11,5 52 400
100 1,96 12,2 51 470
200 1,91 13 49 483
300 1,86 13,7 46 500
400 1,63 14,3 43 521
500 - 14,7 40 571
600 - 15 36 -
700 - 15,2 32 -
800 - - 26 -

As for the maximum values of stresses occurring in the bowl wall, their values differ by more than a
factor of two. This can be explained using the theory of thermal stresses. When heating a metal, thermal
stresses arise due to temperature differences. The more heated layers tend to expand and are in compression.
Colder layers are subject to tensile forces. If these stresses do not exceed the elastic limit of the heated body,
the thermal stresses disappear as the temperature equalises.

All metals and alloys have elastic properties up to a certain temperature. For most steel grades this
temperature ranges from 450-500° C. Above this temperature, metals and alloys go into a plastic state and
the thermal stresses generated in them cause plastic deformation and disappear. Consequently, thermal
stresses should be taken into account during heating and cooling of steel only in the temperature range from
room temperature to the point of transition of this metal from the elastic state to the plastic state [11].
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Fig. 3 Comparison of stresses (MPa) in slag bowls on a car under different conditions of material
indication: a - temperature-dependent material parameters; b - constant material parameters at different
temperatures

Thus, taking into account that the slag bowl in certain zones is heated to temperatures exceeding 500°C
and the material has a constant value of elastic modulus, the obtained stress values will be significantly
different from the real ones, which is observed in Fig. 3.

The most important feature of modelling the thermal stress state of slag bowls, according to the authors,
is the consideration of significant temperature deformations and, as a consequence, the boundary conditions.
When defining the boundary conditions, it is necessary to take into account possible significant expansions
of the material. In case of rigid fixation of the three-dimensional model, the modelling results may not
correspond to the real state of affairs.

In order to compare the values of maximum stresses at different boundary conditions, a test problem
was developed and executed. For its solution two identical ring models were created. The rings were aligned
by planes, thermal resistance was set between them, the upper ring was heated up to 500 ° C, the lower ring
was at room temperature. Computer modelling assumed heat dissipation from the lower ring in order to create
a significant temperature difference in it (Fig. 4.a). The study was carried out for a certain time interval. Fig.
4.b shows the temperature fields arising in the lower ring due to the above conditions. Figs. 4.c, 4.d show,
respectively, the values of stresses arising in the rings when fixed with no possibility to deform freely and
fixed on pliable springs, which allows the model to deform freely.

The results of the modelling showed that the stresses occurring in the lower ring, under boundary
conditions with no possibility of free deformation, are 4 times higher than in the ring whose boundary
conditions allow free in-plane movements.
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Figure 4. Towards an analysis of anchoring conditions:
a) scheme and conditions of interaction of two rings; b) temperature field of the lower ring after 450 seconds
after the beginning of heat exchange; c) fields of equivalent temperature stresses of the lower ring at its
fixation on three coordinates (MPa); d) fields of equivalent temperature stresses of the lower ring at its
fixation on one coordinate (MPa);

Conclusions

Determination of temperature stresses of thermally loaded elements of metallurgical equipment is not
an easy task even today. Widely known equations of elasticity theory and mathematical physics do not allow
to solve the problem analytically and, as a consequence, it is necessary to resort to numerical methods of
solving differential equations using three-dimensional modelling. At the same time, the accuracy of the
obtained results will be influenced not only by a competently constructed model, which is important for
similar static calculations, but also by a number of other factors. These include the conditions of fixation of
the investigated model, the presence of temperature resistance between different models, the indication of
material characteristics as temperature dependent.

The results of the modelling show the dependence of the above-mentioned factors on the values of
stresses occurring in the slag bowl. Temperature resistance affects the homogeneity of the temperature field
and its maximum values, improper fixing conditions can increase the maximum stresses by 4 times, and the
presence of material whose physical and mechanical parameters do not depend on temperature - increase the
stresses by another 2 times.

Thus, the analysis of the thermal stress state of slag bowls is a more complex and cumbersome task in
comparison with static calculation, not only because of the need to separately solve the problem of
determining the temperature field as a factor of external influence, but also because of the presence of
additional conditions necessary to obtain an adequate result.
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B. B. IloBopothuii, I'. U. Tonctukos, N.I'. Tonctukos, A.A. Sitayk

CyiibIK HIIAKTAP/IbI TACKIMAJIAYFAa APHAJIFAH TayJap/AbIH TEPMHSUIBIK KepHeyJIi
KYiiH 3epTTey mpoueciH MoaeabaeyaiH Keilip epekuemikTepi

Benrinai Gonranziai, TOMHA XoHE 0o0jaT OAJKBITY IPOIECTEPiHIH METAUTyPIHsUIbIK I[EXTapbIHIaA
KOXKJIBI aFrbI3y JKOHE OHBI TachIMalJay YIIIH KOXK Tacylibuiap KoJJaHbuIajbl. Kok TacynibIHbIH
HET'I3T1 )KOHE eH KpIMOAT 06eJTiri - opTYpIri KOH(OHUTYpaIusIaarsl KaabIH KaOBIpFaIbl KAOBIK TYPIHIET]
OomnaT KyiimMa O0JIBIT TaOBLIIATHIH TOCTAFaH.

Kazipri yakpITTa JDOMHa IeXTapblHAa BaroHAAapbl Oap paMajapra HETi3AeNTeH JXOHE €Ki OChTi
TEMIpKOJT THMTI acThl apOajmapbIMeH KO3FalaThIH 16 M3 KeleMieri TocTaraHmap KeHiHEH
Konmanpiiaapl. COHBIMEH Oipre  METAIUIYpPTHSUIBIK — KOCimOpeIHAapAa Oip  TOCTaraHIIbI
TachIMaJIIANTHIH AaBTOMOOMITb THIITI KOYK TACUTHIH MaIlIMHAJIAP €HTi311e 0acTasbl.
TocraranmapJplH opTamia KbI3MET €Ty Mep3iMi Iamalibl )KOHE KOXKIBIH XUMHSIBIK KYPaMbIHA,
OHBIH TeMIIepaTypachiHa KoHEe Oacka ma Oipkarap (akropiapra OaimaHbICTEI opTa ecenmeH S00-
1000 TonTeIpyab! Kypaiiabl. Ko TocTaraHmapbIHBIH ICTEH IIBIFYBIHBIH HETI3T1 cebenTepi )KyMBIC
Ke3iH/le OJapAblH TMINIHIHIH e3repyi, TIpeK CaKWHACHIHBIH aiMarblHIa CaKWHAJIBl HeMece
JKEPTUTIKTI TapbUTy[BIH TMakga OOoNybIMEH, COHMal-ak KaObIpramapia OOHIBIK JKOHE KOJNJICHEH
JKapBIKTAPIBIH Maki1a O0TybIMEH KOpiHe . . ABTOMOOMIBIIK THITTET1 TOCTaFaHIap OChTEPIIH KUl
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iCTeH HIbIFybIHA OailIaHbICTHI 9J1/1eKaiiia a3 KbI3MeT €Te/li, OHBIH KOMETriMEH OCh IIUTaK TaCyIIbIHBIH
KOpPIyChIHA OPHATBLIAIBI.

XKorapeima aranran akaylap KOX TacylIbUlap JKYMBICHIHIAFbl TaOWFH TEXHOJIOTHSUIIBIK
MPOIECTEP/ICH TYBIHJIAFaH IUKIIIK JKbUTY dCepIICPiHIH HOTHXKECIH/IE Ma/ia 0oabl.

Kattel nenene Oipkenki eMec TEPMHUSUIBIK KEHEI €pKiH JKYpyl MYMKIH €MeC JKOHE CBIPTKBI
KYIITEPAiIH MEXaHUKaJBIK dcepiepiMeH Oipre KyphUIBIMHBIH TOJBIK HEMece YAeMeni Oy3blTybIHa
OKENeTiH eJeylli IUIACTUKANBIK JedopMalusiaapAbl TYABIPYBl MYMKiH KbUIy KepHeEYJIepiH
TYIObIPAJIbI.

TepMUSITBIK, KepHEYIEpIiH Tapajly LIaMackl MEH CHIAThIH OLTy KYpPBUIBIMHBIH O€pIKTIriH >KaH-
KaKTBI TAJIay YIIiH KQKET, aJl TOCTaFaHIapAbIH )KYMBIC Ke3iH/1e TePMUSUIBIK KepHEYITi KYHiH TepeH
3epPTTEey MHXKEHEPIIK IIelnMIep/Ii o3ipieyre jKoHe KaObulgayFa MYMKIHIIK Oepeli. oJap/biH
KBI3MET €Ty MEp3iMiH y3apTy.

Tyiiin co30ep: NIarTai, TEPMUSUIBIK Kepceltic, aedopMarnius, TeMIepaTypa, XKbUIbIK KePCIMILTIK

B. B. IloBopothuii, I'. U. Tonctukos, U.I'. Tonctukos, A.A. Sitayk

Oco0eHHOCTH MOACTUPOBAHMUA MPouecca HCCTICI0BAHUA TCPMOHAIIPHKEHHOT' O
COCTOAHHUSA Yall IJIsI TPAHCIIOPTHPOBKH KH/IKOI'0 LHIJIaKa

Kak u3BecTHO, B METAJUTyPrUYECKHUX 11€XaX JOMEHHOTO U CTaJICILIaBUIIBHOTO IIPOM3BOJICTB IS
OTBOJA IIJIaKa U €ro TPaHCIOPTHPOBKH HCIOIB3YIOTCS IIIaKkoBOo3bl. OCHOBHOW M Hambojee
JIOPOT'OCTOSIICH YacThIO IIJIAKOBO3a SIBJSAETCS 4allla, MPEACTABNIAIOMAs CO00H CTalbHYIO
OTJIMBKY B BHJIC TOJICTOCTEHHOW 000JIOUKH pa3IMuHON KOH(HUTYpaIuH.

B Hacrosiiiee BpeMs B JOMEHHBIX IIeXax HauOojiee IMIMPOKO MCIONB3YIOTCS Yaliu o0beMoM 16
M3, YCTaHOBJICHHBIC Ha pamMax C KapeTKaMH U IIePEeMeIaeMbIe IBYXOCHBIMU XOJIOBBIMU YaCTIMU
JKEJIE3HOIOPOXKHOTO THMa. B TO K€ BpeMs Ha METAUIyPIHUSCKMX NPEANPHUATHAX Hadalu
BHEIIPATHCS IIJIAKOBO3HI aBTOMOOMILHOT'O THIIA C OJTHOM JaIiei.

Cpennuii cpok cIy>KOBI Yaln He3HAUnTEeNeH U B cpenHeM coctapisier 500-1000 HamonHeHui, B
3aBHCHMOCTH OT XMMHYECKOI'O COCTaBa IIIaKa, €ro TeMIIepaTyphl W psja APYrux (hakTOpOB.
OCHOBHBIMM TIPUYMHAMH BBIXOJIa U3 CTPOSI IIIAKOBBIX Yalll SBJISIOTCS U3MCHEHUS X (OPMBI B
MPOIIECCEe  AKCILIyaTal[dK, BBIPAXKAIOIIMECS B 00pa30BaHMM KOJBIEBOTO HIIM JIOKAJbHOIO
CyXeHHsI B 00JacTH OMOPHOI'O KONbIIA, a TAKKE B TOSABJICHUU MPOJOIBHBIX M IMOMEPEUHBIX
TPEIIUH B cTeHKaX. Yalm aBTOMOOMIBHOIO THIIA CITY)KAT ropa3io MEHbBIIIE H3-3a YaCTOr0 BHIXOA
W3 CTPOsI OCEH, C TTOMOIIBI0 KOTOPBIX OCh KPEMTUTCS K KOPITYCY ITUIAKOBO3a.

Beinieyka3zanHbie 1e()EeKThI MOSBIISIOTCA B Pe3yJbTaTe IIUKIMYECKUX TEIUIOBBIX BO3ICHCTBUH,
BBI3BAHHBIX €CTECTBEHHBIMH TEXHOJIOTHICCKUMU MTPOIIECCAMH ITPH IKCIUIyaTalllH ITIAKOBO30B.

B TBepmoMm Tenre HepaBHOMEPHOE TEIUIOBOE PACIIHPEHHE HE MOXKET IPOUCXOIUTHL CBOOOIHO H
BBI3BIBACT TEIUIOBHIC HAMPSIKEHUS, KOTOPHIE B COUYCTAHHHM ¢ MEXaHHMYCCKUMH BO3ICHCTBHUSIMH
BHEIIIHUX CHJ MOTYT BBI3BaTh 3HAYMTEIbHBIC IUIACTHYCCKUE AeopMaiivu, MPHUBOLSIIINE K
TIOJTHOMY WM TIPOTPECCUPYIONMIEMY Pa3pyIICHUIO KOHCTPYKITHH.

3HaHWEe BETMYMHBI M XapaKTepa paclpeneicHus] TEPMUUSCKUX HaIPSHKECHUH HE00XOIUMO TS
BCECTOPOHHETO0 aHaNW3a MPOYHOCTH KOHCTPYKIIMH, a YIAyOJCHHBIE HCCISHOBAHUS
TEPMOHATIPSIKEHHOTO COCTOSHHUS Yalll B MPOIECCEe MX IKCIUTyaTaIldH MO3BOJIST pa3paboTaTh U
BHEIIPUTH MHXKCHEPHBIC PEIICHUS IS YBEITHMUCHHS CPOKa UX CITY>KOBI.

Kurouegvle cnosa: mmakoBas yala, TepMHUYECKOe HaIpsDKeHHe, Aedopmarus, Temmeparypa,
TEPMUYECKOE COMPOTUBIICHHE

16



BECTHUK KTy Ne 1 (44) 2024 a.
Pa3den 1. «Memannypausi»

References

1. ®.P.H. HaGappo, "Pacuer TemnoBbIX HampsoKeHWH B LUIHHApPax', MeXIyHapOOHBIN KypHal
WHXEeHepHbIX Hayk, Tom 19, Bemyck 12, 1981 1., Crpanunst 1651-1656, ISSN 0020-7225,
https://doi.org/10.1016/0020-7225 (81)90157-9.

2. WccnenoBanue ONMBITHOrO 00pasia MIIakoBo3a ¢ yamiel eMkocThio 24 M3 //MBanuenko F0.d.// Otyer
1o cuyeraM (3axmounTtenbhbiil)/Cuera u [[I3MO. — Jlaenponerposek, 1977. — 148 c.

3. Emenun, M.B. K Bompocy OLIEHKM TEpMOHAIpPSHKEHHOI'O COCTOSHUS W TEPMONPOYHOCTH dalll
uuakoBo3oB / M.B. Emenun, C.P. PaxmanoB / Meramnyprudeckasi 1 TOpHO—PYAHAs! IPOMBILIIEHHOCTD. -
2009. — Ne 2. — C. 105-107. https://www.metaljournal.com.ua/mgp-02-2009/

4. Paccoxun J[.A. UccrnenoBanus HampsokeHUN B CTeHKe damu nuiakoso3a / J.A. Paccoxun, B.B.
Uuxapes, A.B. Jloza, B.B. Illlumkun // BecthHuk I[Ipna3zoBcKoro rocymapcTBEHHOTO TEXHUYECKOI'O
yHHBepcuTeTa, Boil. 27, 2013, C. 172-176. https://journals.uran.ua/vestnikpgtu_tech/article/view/31526

5. Heauy, U.A., llleiixns, b., Poxau, X., Bopnaydep, I'., Bapra, M., llImun, X. u Xaiice, [Ix. (2016),
AHanmu3 TepexXOJHBIX TEIUIOBBIX HANpPSDKEHWH B CTANBbHBIX IIAKOBBIX BaHHAX: BIMSHHE CIIOS
3aTBEPJCBAOIIErO IIJIJaKa Ha TeIUionepenayy W u3Hoc. steel research int. , 87: 720-732.
https://doi.org/10.1002/srin.201500203

6. X. Poxxau, .A. Heauy, JI. Bumnep, M. Bapra, [Ix. Xeficc, Tepmuueckoe BO3eiiCTBHE HA U3HOC U
paspyllieHre MaTepraoB IJJAKOBBIX BaHH, HCIOJIB3YEMbIX B CTANCIUTEHHOM Mpon3BojcTBe, M3Hoc, Toma
350-351, 2016, Crpanuns 35-45, ISSN 0043-1648, https://doi.org/10.1016/j.wear.2015.12.009 .

7. Konzau K., Haiito M., Caro 10O., Osma K. Pa3paboTka 1uiakoBoro Kotjia ¢ JJIUTEIbHBIM CPOKOM
CIIy>KOBI TIyTEM ONTHMHU3AIMUA JKECTKOCTH KOHCTPYKIIMM C y4YeToM pacrpezaeicHust Temmepatyp (2020)
Martepuansl koHpepeniuu AlSTech - TexHomormu wuyryna u cramm, 3, crp. 2233-2240. DOI:
10.33313/380/241

8. xumsapit A., berganex A.B., Murac I1., IIeitens A., SckoBern K., butka A., Boimumkuit M., [Tum C.,
XKyuek P. AHanu3 TErIOBBIX B3aMMOJCHCTBHUI B MIJIAKOBBIX pe3epByapax JuIsi TPAHCIIOPTHPOBKH METHBIX
nutakoB (2022) MexayHaponHbIM JKypHad TeIUIOTeXHUKH U TexHomoruu, 40 (2), ctp. 646-652.DOLI:
10.18280/ijht.400236

9. Tumornenko C. IIpouyHocTs MaTepuanos, 3-e uzganue. Yacts 2. CoBpeMeHHas TEOPHs U 3aJa4u. —
MensoypH (Pnopuna): U3znarenscteo Kpurepa, 1976. — 588 c.

10. Buxrop IloBopotusiii, Upuna Illepbuna, Cepreit 3nanesnd, Huna Jlpsuenko, Tatpana Kumcray,
Jlrommuna Cononenko, Pycman VYcenko, OmpeneneHne TepMOHAINPSHKEHHOTO COCTOSHHUSA KOBIIEH C
MEXaHWYEeCKHM MPUBOJOM JJIs1 TPAaHCTIOPTUPOBKHU *kKHAKOro nuiaka (2024) Bocrouno-EBponeiickuii xxypHan
KOpIOpaTUBHBIX TexHonoru#, 1/7 (127), ctp. 99 — 106. DOI: 10.15587/1729-4061.2024.299180.

11. H.}O. Taurn Texnonmorus npou3BojacTBa cramu — M.: Merammypr, 1962. - 567¢.

17



