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STRUCTURAL CHANGES DURING THERMAL STRENGTHENING OF
THE RAILWAY WHEEL

Purpose. Justification of mechanism of the structure transformations in the carbon steel of the railway wheel during
disk thermal strengthening.

Research methods. The material for the study was carbon steel of a railway wheel with a content of 0.57 % C, 0.65 %
Si, 0.45 % Mn, 0.0029 % S, 0.014 % P and 0.11 % Cr. The railway wheel was heated to temperatures higher than Acs,
kept at this temperature to complete austenite homogenization process, and disk was rapidly cooled to the specified
temperature. Degree defectiveness structure of the metal after accelerated cooling was assessed using technique of X-ray
structural analysis. Strength stress, yield stress and relative elongation of the carbon steel were determined at stretching
at rate of deformation 107 s7.

Results. At accelerated cooling of the carbon steel, the sources of strengthening are the processes of blocking mobile
dislocations due to the condensation of carbon atoms on them and dispersion strengthening from the formed particles of
the carbide phase. At temperatures of termination of forced cooling of carbon steel above 300...350 °C, the reduction
rate of strength properties is determined by the excess of total effect of softening from decomposition of the solid solution,
acceleration of spheroidization and coalescence of cementite particles over the blocking of dislocations by carbon atoms
and dispersion hardening.

Scientific novelty. The level of strength and plasticity characteristics of carbon steel of the railway wheel disc,
depending on the temperature end forced cooling, is determined by the ratio of the influence of degree super saturation
of the solid solution and the dispersion strengthening by carbide phase.

Practical value. For temperatures termination of accelerated cooling of 200...300 °C, degree of super saturation of
the solid solution is the main factor that determines the level of strength and plasticity characteristics. When manufac-
turing an all-rolled railway wheel, the strength limit of the disc metal can be increased by accelerated cooling to the
middle range of temperature.

Key words: carbon steel, accelerated cooling, tempering, hardening, softening.

Introduction of proposals for increasing strength characteristics of the

The complex cross-sectional shape of the elements of ~ railway wheel disc is an important scientific and technical
railway wheel and their considerable thickness have for a  task. Compared to other elements of the wheel, the disk has
long time restrained the use of thermal strengthening in or-  smallest thickness. Taking into account the sufficiently
der to achieve a high-strength state in them. During opera-  high stability of the austenite phase at carbon steel of the
tion of the railway wheel, the disc is subjected to suffi- railway wheel, in process of accelerated cooling in the vol-
ciently complex total loads. Based on this, the development ~ umes of metal close to the surface of the main heat sink,

© Vakulenko I., Plitchenko S., Gubarev S., Khlebnikov A., 2024
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one can hope to achieve cooling rates close to the critic
value.

Analysis of research and publication

During the thermal strengthening of railway wheels,
emergence of a gradient of structures from the surface of
accelerated cooling is accompanied by a corresponding
change in the complex of properties [1, 2]. According to
the technology of intermittent accelerated cooling, the
level of rolled properties is primarily determined by the de-
velopment of metal tempering processes from the heat of
deeper internal volumes [3,4]. The continuous nature
change in the cooling rate at different distances from the
surface of the heat sink determines that the structural state
of the metal is largely similar to tempering at the corre-
sponding temperature of individual heating of the steel af-
ter quenching [5—7]. Based on this, the temperature gradi-
ent along a section of the element railway wheel will cor-
respond to the defined structural state and level of hardness
[4, 7].

Taking into account the total contribution compo-
nents of the microstructure to the overall level of strength
characteristics, the final level of the properties will be de-
termined by heating from deeper layers, with a higher tem-
perature. Achieving the required level of strength and hard-
ness in the specified element of the railway wheel will be
determined to a greater extent by the temperature at end of
accelerated cooling of the surface.

Moreover, the complex shape of the wheel and differ-
ent cross-sectional thickness of the elements are a limita-
tion to application of accelerated cooling to the tempera-
tures of the beginning of phase and structural transfor-
mations by a non-diffusion mechanism [5]. Taking into ac-
count the proportional increase stability of austenite with
the concentration of carbon, the steels used for manufac-
ture of railway wheels have an increased stability of aus-
tenite [8]. As a result of accelerated cooling, one should
expect to achieve cooling rates close to the critical value in
the volumes of metal near the surface of the main heat sink
[6, 10].

Considering that, the disk of a railway wheel, to have
smallest cross-sectional thickness compared to other ele-
ments, is subjected to very complex total loads [4, 5, 12].
The formation of a defined structural state and related level
of strength of carbon steel of the disc should be considered
as one of the critical elements that determines service life
of the railway wheel as a whole [4, 7, 13].

Purpose

Justification mechanism for the structure transfor-
mations in the carbon steel of the railway wheel during disk
thermal strengthening.

Research material and methodology

The material for the study was carbon steel of a rail-
way wheel with a content of 0.57 % C, 0.65 % Si, 0.45 %
Mn, 0.0029 % S, 0.014 % P and 0.11 % Cr. The railway
wheel was heated to temperatures higher than Acs, kept at
this temperature to complete austenite homogenization

process, and disk was rapidly cooled to the specified tem-
perature. The temperature interval at the end of forced
cooling of the wheel disc was 200...500 °C. The structure
was studied using electron and light microscopes. Degree
defectiveness structure of the metal after accelerated cool-
ing was assessed using technique of X-ray structural anal-
ysis. Strength stress, yield stress and relative elongation of
the carbon steel were determined at stretching at rate of de-
formation 107 s”!. Microhardness phases steel was evalu-
ated using a type PMT-3 microhardness tester.

Results and their discussion

The effect temperature end of the accelerate cooling
the wheel surface on the yield stress and stress strength,
relative elongation and microhardness of the carbon steel,
is shown in Fig. 1. The analysis of dependence property of
the strength indicates a sufficiently complex nature of
structure transformations, depending on the temperature of
the termination of accelerated cooling. According to
known experimental data [1, 3, 6], at the temperatures of
intensive cooling up to 300 °C, acceleration process release
of carbon atoms from the solid solution is observed.
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Figure 1. Effect of temperature end of forced cooling on yield
stress (m) and strength (#) — (a); relative elongation (4) and
microhardness (m) — (b) of the carbon steel

Based on this, a change of degradation degree of solid
solution is a major factor that determines the level of char-
acteristics of carbon steel strength. A comparative analysis
of dependence of yield stress, strength, relative elongation
and microhardness ferrite (Fig. 1) on the temperature end
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of accelerated cooling confirms the existence of a well-
known correlation between the properties in micro vol-
umes of metal and common strength of the railway wheel.
Based on this, it can be considered with a great probability
that one of the main factors that determines nature of the
dependence degree of thermal strengthening metal of the
railway wheel on the temperature end of intensive cooling
should be level of super saturation of the solid solution with
atoms of the carbon [9, 11].

On other hand, taking into account sufficiently large
cross-sections of the metal, for example, at rim of a railway
wheel, where it is not possible to achieve a critical cooling
rate, the formation of carbide phase will be an indispensa-
ble component in obtaining the final structure. Based on
this, the presence of cementite particles of different disper-
sion in the steel structure indicates the need to take into ac-
count contribution of processes of dispersion hardening in
achieving a certain level strength of properties.

Thus, the intermediate release of the carbon atoms
from austenite at process of accelerated cooling of carbon
steel will be accompanied by a decrease in strength char-
acteristics compared to formation of the martensite. Ac-
cording by influence on strength, the process of carbon re-
lease from solid solution during thermal hardening of steel
can actually be divided into two components with the op-
posite character of influence. Thus, in proportion to reduc-
ing the degree of tetragonality of the crystalline lattice of
ferrite is happening strength characteristics decrease of the
steel [9, 11].

At the same time, the formation of the cloud by car-
bon atoms around dislocation line will lead to braking the
movement of dislocations, up to their full blocking [3, 6].
On the other hand, particles formation of the carbide phase
of different dispersion by nature of influence on strength is
similar to the hardening with given thickness a disk of the
railway wheel, it acquires a certain scientific and practical
interest to analyse nature of transformed structure and
achieving appropriate level of strength characteristics after
reaching a certain temperature of cessation of accelerated
cooling. At the same time, thickness of the wheel disc is
sufficient to approach, at least in volumes close to the sur-
face, the critical cooling rate during thermal hardening.

Detailed analysis of structure of the wheel steel sam-
ple after quenching to martensite (Fig. 2) determined exist-
ence areas of lath martensite with a high density of dislo-
cations. This confirms possibility of development of the
austenite transformation by shear mechanism. The width
rails of martensite at range of 0.6...0.8 microns. In individ-
ual martensite crystals, simultaneously with thin plates of
twining martensite (designation /, Fig. 2), discovered pres-
ence of very dispersed particles of the carbide phase (des-
ignation 2). According to [3, 8], the presence of a carbide
phase at steel structure after quenching indicates on break-
down of the martensite phase at elevated temperatures of
austenite transformation.

Figure 2. Structure of railway wheel steel after hardening to mar-
tensite (1 — twins of martensite, 2 — dispersed carbide particles)

On this basis of, already during quenching, develop-
ment of decomposition processes of martensite indicate de-
velopment of a complicated influence on the strength prop-
erties of steel. The final result consists of the ratio at devel-
opment of the softening process due to a decrease at degree
of tetragonality of the martensite crystal lattice and disper-
sion hardening due to the presence of a carbide phase in the
steel structure. Considering separately effect of cementite
particles on the hardening effect, it should be taken into ac-
count that in addition to the formed carbide particles during
quenching, effect of particles formed during tempering is
added.

A comparative analysis of formed structure of the car-
bon steel after quenching on martensite with one formed as
a result of accelerated cooling of the wheel disc indicates
existence of a certain coincidence. At the same time, as the
temperature of accelerated cooling increases, significant
discrepancies should be expected. Structure analysis of the
metal layers near surface of the intensive heat sink during
cooling of the wheel disc indicates existence of signs of
lath martensite when the temperature at end of the acceler-
ated cooling is 200 °C (Fig. 3).

Thickness of the formed laths is almost the same as
after separate tempering of martensite at a temperature of
200 °C [2] and is in range of 0.1...0.8 microns. On the bor-
ders of individual laths and packages, finely dispersed par-
ticles of the carbide phase with sizes of approximately
0.03...0.04 um are located (Fig. 3a). In a larger number of
wide laths, very small allocations of cementite particles
with random orientation can be observed. The formation of
these carbide particles occurs due to release from the heat
of the deeper volumes of metal, after termination of the ac-
celerated cooling. With further deepening from the surface
of the wheel disk, in addition to the fact that metal under-
goes cooling at a lower rate, the final structure is also
formed due to the influence of tempering at higher temper-
atures. At temperature of end of the accelerated cooling up
to 200 °C, there are no qualitative changes at structure of
the steel. The difference of strength characteristics will be
determined to a greater extent by super saturation of the
solid solution, and to a lesser extent depend on the alloca-
tion of dispersed carbide particles.
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Figure 3. Structure carbon steel of a disk wheel after completion
of accelerates cooling at a temperature of 200 °C. Magnification
is 19000

In comparison with volumes of metal, the structure of
which is formed at temperatures of 200 °C, a temperature
increase of only 50...100 °C has a certain effect on the
strength and plasticity of the carbon steel (Fig. 1). An in-
crease in the temperature at the end of forced cooling to
300 °C (Fig. 4) indicates a qualitative change of steel struc-
ture.

The development of dislocation recombination pro-
cesses within individual micro volumes of the metal leads
to emergence of a dislocation structure similar to a cell
structure. This violates the general orientation (marked by
arrow /, Fig. 4a), which is inherent in the lath structure of
ferrite (Fig. 3). Compared to 200 °C, an increase at temper-
ature of ended intensive cooling should have a certain ef-
fect on the growth process of the martensite phase. Indeed,
when steel is cooled to a temperature of 300 °C, a partial
change at shape of martensite crystals is observed. As a re-
sult, relatively small cells (Fig. 4a) and oriented at a certain
angle to the lath ferrite formed at a temperature of 200 °C
appear. In terms of shape, dislocation cells approach a pol-
yhedron (designation /, Fig. 4a).

The body of the cells themselves has already been
largely cleared of unconnected dislocations. At the same
time, in individual volumes of metal, one can observe the
existence of cementite particles, which differ in size from
those formed at a lower temperature at end of accelerated
cooling. Further increase at temperature of termination of
accelerated cooling of the wheel disk is accompanied by
qualitative changes at structure of carbon steel. Fig. 4b
shows microstructure of the metal layers, which corre-
sponds to the temperature at which forced cooling ends at
400 °C.

Figure 4. Structure carbon steel of the disk a railway wheel after
completion accelerated cooling at a temperature of 300 °C (a),
400 °C (b). Magnification is 19000

A detailed analysis of the structure discovers the signs
of the initial stages of processes similar to polygonization.
This is confirmed by the existence contours of groups dis-
locations with partially broken boundaries (marked by ar-
row 1, Fig. 4b) in ferrite cells, which in shape resemble
previously formed bainite crystals. Moreover, the location
of dispersed cementite particles in volumes with a low dis-
locations density (arrow 2, Fig. 4b) should be considered
as confirmation of development, and in some places and
completion of polygonalization after stopping accelerated
cooling of steel. At the result of that, a formed structure is
a similar to modular, when individual dislocation cells,
with a determined density of dislocations in the middle, are
distinguished from a wide enough walls out of dislocations.

Further development of recombination of disloca-
tions, against background of a decrease in their total num-
ber, leads to appearance of a dislocation cellular structure,
which in the form is already approaching polyhedron
(Fig. 4b). Body of dislocation cells itself is largely cleared
of unbound, chaotically arranged dislocations. Although
there are still volumes with an increased dislocations den-
sity, the movement of which is blocked by presence of very
dispersed carbide particles. Thus, the greater the distance
of the volume of metal from the surface of the intensive
heat sink, the higher the temperature at which transfor-
mation of the austenite proceeds. An increase at disk cool-
ing temperature to 500 °C is accompanied by a further in-
crease at size of cementite particles and a transformation of
the dislocation structure.

Analysis of the structure (Fig. 5) shows the presence,
as at 400 °C, of closed and broken dislocation contours. In
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addition, there are other features at structure of the metal,
in comparison with the lower temperature of completion of
accelerated cooling.

Figure 5. Structure at steel of the railway wheel disc after
accelerated cooling to a temperature of 500 °C

Qualitative changes include the appearance of large
areas consisting of subgrains with practically the same
length of axes (Fig. 5, a, designation /) and ferrite layers
with a reduced density of dislocations around dispersed ce-
mentite particles (arrow designation /, Fig. 5a). Along with
this, the structure still has a certain number of micro vol-
umes in which formation of sub-boundaries is just begin-
ning (Fig. 5a, designation 2). Based on this, the polygoni-
zation process should be considered practically complete
in a sufficiently significant part of the metal. Moreover, as
a result of the sequential development of structural trans-
formations during accelerated cooling to a temperature of
500 °C and heating from a deeper hot layers, a structure is
formed, which to a large extent resembles a modular one.
Indeed, according to external signs, the formed micro vol-
umes of metal have a certain alternation, similar to modular
structures. A fairly significant part of the structure is sepa-
rate dislocation cells with a certain density of dislocations
in the middle (designation 2, Fig. 5, @), which are separated
from each other by walls of interconnected dislocation
groups (designation 3, Fig. 5a and designation 4, Fig. 5b).

It should be taken into account occurrence of an addi-
tional strengthening effect from the appearance particles of
the carbide phase as a result of heating the metal after ter-
mination forced cooling of the steel. Along with this, sim-
ultaneously with the appearance of dispersed particles dur-
ing tempering, the processes of spheroidization and coales-
cence of cementite particles formed during cooling at lower
temperatures acquire certain acceleration [3].

Based on this, reducing the number particles of the
carbide phase, which made it difficult to move both indi-
vidual dislocations and their groups at lower cooling termi-
nation temperatures will contribute to reducing the re-
sistance process of transforming sub-boundaries into
boundaries with large disorientation angles. As a result
separation of the specified boundaries from the blocking
points (carbide phase), processes of cleaning certain vol-
umes of the ferrite matrix from dislocation groups will gain
further acceleration (designation 5, Fig. 5b). As a result,
there are sufficiently large volumes of metal with practi-
cally no sub-boundaries, with evenly spaced particles of
the carbide phase in the middle.

According to the structures (Fig. 4-5), it is possible
to determine location of the particles mainly on the sub-
boundaries during tempering and in the internal volumes,
during formation of martensite crystals, although they have
almost the same diameter. This is due to the cyclical
change stages growth and dissolution of carbide particles
depending on their location. The growth of particles occurs
when they are located along grain boundaries and dissolve
at middle of the grain [3]. The nature of changes of micro-
hardness of ferrite and the width of the X-ray interference
line (110) (Fig. 6) indicate a continuous decrease at con-
centration of carbon atoms in the solid solution, starting
from the cooling temperature of 200 °C.

mrad
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5,5 \

35

200 300 400 °oC

Figure 6. Variation broadening (110) X-ray interference of fer-
rite depending on temperature termination accelerated cooling of
the wheel disc

The strength of steel (Fig. 1) depending from temper-
ature of the finish of accelerated cooling will be determined
by the compensation from preservation of a certain amount
of blocked dislocations, continuous softening of steel from
decrease degree of super saturation of solid solution. Al-
ready from temperatures 300...350 °C, a significant exit of
carbon atoms from a solid solution and their deposition on
the dislocations is one of main factor preservation their
amount.

As a result, the decrease in Hu will slow down
(Fig. 1b), as evidenced by the violation of the monotonic
course of the curve (Fig. 6). The received explanation is
confirmed by a certain amount of experimental data. Thus,
according to [2, 4, 6], starting from the separate heating
temperature of 350 °C in carbon steels after quenching to
martensite, there is already a certain amount of finely dis-
persed particles of the carbide phase.
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Based on this, the depletion of the solid solution of car-
bon will occur due to the directed diffusion of carbon atoms
from the supersaturated solid solution to the carbide parti-
cles, which is confirmed by the accelerated decrease in the
broadening of X-ray interference (110) (Fig. 6).

Conclusions

1.The level of strength and plasticity characteristics of
carbon steel of the railway wheel disc, depending on the
temperature end forced cooling, is determined by the ratio
degree super saturation of the solid solution and the disper-
sion strengthening by carbide phase.

2.When manufacturing all-rolled railway wheel, the
strength of the disc metal can be increased by accelerated
cooling to the middle temperature range

3.Under conditions of accelerated cooling of the carbon
steel, the sources of strengthening are the processes of
blocking mobile dislocations due to the condensation of
carbon atoms on them and dispersion strengthening from
the formed particles of the carbide phase.

4. At temperatures of termination of forced cooling of
carbon steel above 350 °C, the rate reduction of strength
properties is determined by the excess total effect of sof-
tening from decomposition of the solid solution, accelera-
tion of spheroidization and coalescence of cementite parti-
cles over the blocking of dislocations by carbon atoms and
dispersion hardening.
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Mema pobomu. O6rpyrnmysants Mexamizmy CmpyKmypHUX nepemeopers npu mepmivHomy 3miyHeHHi OUCKY 3ai3-
HUYHO2O Kojlecd.

Memoou oocnioocennss. Mamepianom 0ns docniodcenns 6yna gyeneyeda Cmaib 3aN3HUYHO20 KONeca 3i 6MICMOoM
0,57 % C, 0,65 % Si, 0,45 % Mn, 0,0029 % S, 0,014 % P, 0,11 % Cr. 3aniznuune Koneco niodasaiu Hazpigy 00 memne-
pamyp euwe Acs, BUMpUMY8anU NPU Yill memnepamypi 015 3a8ePUIeHHs NPOYeCy OMO2eHI3ayii aycmeHimy ma npucko-
PEHO 0X0N1002icY8aNU OUCK 00 8usHaueHoi memnepamypu. OYinky cmynens 0eekmnocmi CmpyKmypu MemaJiy nicis npu-
CKOPEHO20 0XO0N00HCEHHSL 30TUCHIOBANU 3 BUKOPUCTHAKHAM MEMOOUKU PEHM2EHIBCLKO20 CMpPYKmypHo2o ananizy. I panuyi
MIYHOCIMI, NIUHHOCMI [ BIOHOCHE BUOOBIICEHHSL 8y 2/leyeol CMAll 6UBHAYAIU NPU POIMSALAHHI 31 WeuoKicmio oeghopmayii
103 ¢!

Ompumani pezynomamu. 3a yMo8 NPUCKOPEHO20 OXON00NCEHHS 8yeNeyedoi cmaii, ddcepenamu 3MiYyHenHs € npo-
yecu OI0KYBAHHA PYXOMUX OUCTIOKAYIU 30 PAXYHOK BUOLIEHHS HA HUX AMOMI8 8yaieyto i OUCNEPCIlIHO20 3MIYHEeHHs 8i0
cpopmosanux yacmunox kapOionoi gazu. Ilpu memnepamypax npunuHeHHs NPUMYCOB020 OXOIOO0JCEHHS 8yeleyesol
cmani suue 3a 300...350 °C, memn 3HUdCEHHA 81ACMUBOCTIEl MIYHOCTNT BUSHAYAEMbCA NEPEGUYEHHAM CYMAPHO20 epe-
KMy NOM SIKUWEHHS 8I0 pO3nady meepoo2o pO3YUHy, NPUCKOpeHHs cghepoiousayii i Koarecyenyii YacmuHoK yemMeHmumy

HaO OI0KYBAHHAM OUCTOKAYIU AMOMAMU 8yeneyio | OUCNEPCIUHUM 3MIYHEHHSIM.

Hayxoea nogusna. Pieenv xapaxmepucmux MiyHoCmi i RAGCMUYHOCMI 8yeneyedol cmai OUCKY 3ali3HUYHO20 Kolleca
6 3aNEeJCHOCMI 80 MeMNepamypu 3aKiHUeHHs NPUMYCOB020 OXOJIOONCEHHS BUSHAYAEMbCS CNIBGIOHOWEHHAM GNIUBY 8I0
nepecuuerHs meepooco po3uuUHy i OUCHEPCIIHO20 3MIYHeHHS 810 KapOioHoi ga3zu.

Ipaxmuuna yinnicme. /[n1a memnepamyp npununenus npuckoperozo oxonoodicenns 200...300 °C, suudsicenns cmy-
NeHI0 nepecuieHHsi meepoo2o PO3UUHY € OCHOBHUM YUHHUKOM, WO BUSHAYAE PIBEHb XAPAKMEPUCTUK MIYHOCMI | nAacmu-
ynocmi. Ilpu eucomoenenni cyyinbHOKAMAHO20 3ANIZHUYHO20 KOleCa NIOBUWUMU 2DAHULI0 MIYHOCIT Memany OUCKY Mo-
JHCHA NPUCKOPEHUM OXOTOONCEHHAM 00 CePeOHbO20 THMeP8Ay memnepamyp.

Knrouosi cnoea: syeneyesa cmanw, npuckopene 0Xon00X4CeHHs, 8iONYCK, 3MiYHEHHs, NOM SAKUIEHHS.
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SAJIEZKHICTD MIKPOTBEPJOCTI IIOKPUTTIB 3 ITIOPOLIKY ACA-1
BI PEZXKUMIB XOJIOAHOI'O IT'A30IMHAMIYHOI'O HAITMJIIOBAHHA

Mema pobomu. [1o6ydyeamu 3anescnocmi Mikpomseepoocmi anominiesoeo noxpummsi 3 nopowxy ACH-1, ompu-
MAHO020 XONOOHUM 2A300UHAMIYHUM HANUNIOBAHHAM, 8i0 MeMnepamypu ma mucky a3y Ha 6xo0i 8 CONI0, A MAKOXHC OUC-
manyii HanuI0BaAH .

Memoou docnioxcenns. Ilanysants ma npoeedenHs eKCnepUMeHmaibHux 00CAIONCeHb BUKOHAHO 3 GUKOPUCTAH-
HAM MemOOUKU NIAHY8aHHS 6a2amo@pakmopHux ekCnepumenmis ma pezpecitinozo ananizy. Obpobuernts ompumanux pe-
3YILMAMI8 eKCnepuUMenmia 30IUCHIOBAN0CS 8 NPOSPAMHOMY nakemi Osl ananizy cmamucmuyhux oanux Stat-Ease 360.

Jlocniooicenuss MIKpomeepOOCmi HAnUIeHUX ROKpUmMmis npogoounocs 6ionogiono 0o I'OCT 9450—76. « Bumiproeanns mi-

Kpomeepoocmi 60A6II06AHHAM AIMA3HUX HAKOHEYHUKI®» 3 BUKOPUCAHHAM meepoomipy mikpo-Bikkepc LECO AMHS
Ha ni020moGneHux MIKpouLighax 3paskie 3 NOKPUMMsMU.

Ompumani pesynomamu. [106ydosano mpusumiphi (noeepxmi 6i02yKy) ma KOHMYPHI epaiku 3a1eiCHOCMI MIKpO-
mMeepooCmi NOKPUIMMIG, HANUIEHUX XOL0OHUM 2A300UHAMIYHUM Memodom 3 nopowky AC/-1, 8i0 ocnosnux napamempis

npoyecy — memMnepamypu ma mucky 2azy Ha 6x00i 8 COno, a MAaKodIC OUCMAHYIT HANUTIOBAHHA 8 WUPOKOMY Oiana3oHi

3HayeHb. 3a pe3yrbmamamu 6CMAHOGIEHO, WO MmemMnepamypa a3y mu OUCMAHYIsE HANUIKG8AHHI MAIOMb HAUOLIbWUY
81118 HA MIKpomeepoicmb nokpummis. Onucano 38 A30K 00CI0NHCY8AHUX NAPAMEMPIE HANUTIOBAHHS 3 MEeMNEPAYPHO-
WBUOKICHUMU XAPAKMEPUCTNIUKAMU YACMUHOK NOPOWKY Md 6NAUBY HA 3HAYEHHS MIKDOMEEPOOCHi.

Hayroea nosusna. /[ocniodceno KOMNRIEKCHUL 8NIUE OCHOBHUX NAPAMEmPI8 Npoyecy X0N00H020 2a300UHAMIYHO20
Hanual08anHs, a came memnepamypu ma Mmucky 2a3y Ha 6xo0i 8 CONo, a MAKOHC OUCAHYIT HANUTIOBAHHS, HA MIKDOM-
sepodicmo antominiesux noxkpummis 3 nopowxy ACH-1 6 wiupoxomy diana3oHi 3uauenb.

Ilpaxmuuna yinuicms. Ompumani 3a1ei#cHOCmi MiKpOmeepooCmi NOKpUmmia 8io napamempise npoyecy Moxcymas
Oymu 6uKopucmati npu po3pooaeHHi HaAyKo8o-00IPYHIMOBAHUX PEKOMEHOAYIl Ma MEXHOL02IYHUX NPOYECi68 HANUTIOBAHHS
3aXUCHUX U BIOHOBIIOBANLHUX NOKPUMMIE XOL0OHUM 2A300UHAMIYHUM MEMOOOM, 30KpemMa Ha 0emaii agiayiinux 08uzy-
HiB.

Knrouoei crnosa: noxkpumms, niany8anHs eKCHepUMeHmy, PIGHAHHS pe2pecii, pexcuMu Hanuito8aHHs, ONMUMI3ayis.

BHCOKOTEMIIEPAaTypPHOTO Ta30BOro crpymeHro. [Ipu 3iTK-

Beryn . . .
HEHHI 3 IOBEPXHEIO IMiIKIJIaIK! PO3ILIaBiieHi 800 BHCOKOT-

HanmmioBaHHS TOKPUTTIB 3 METOIO 3MIITHEHHSI, 3aXH-
CTy, a00 BiJIHOBJICHHS OBEPXOHb 3a0€3MEUyIOTh MOXKIIH-
BICTh BUTOTOBJICHHS JI€TaJlel 3 BHCOKOIO JIOBFOBIYHICTIO Ta
HATIHHICTIO, MiIBUIIYIOTh CKCIUTyaTaliiHy CTiHKiCTh, J0-
3BOJISIOTH BiTHOBJIIOBATH PO3MipH Ta BIACTUBOCTI ITOIIKO-
JUKEHUX TIOBEPXOHB. 3a OCTAaHHI NECATHIITTA HOCSTHYTO
3HAYHHX YCHiXiB B ()OPMYBaHHI MOKPUTTIB Pi3HUMH METO-
JIaMH Ta30TepPMIYHOTO HANMITIOBAHHS: IeToHatliixe [ 1], ra-
3omonymeHeBe [2], mra3moBe [3], meramizaris [4] Tormo.
Bci BoHM 00’ €1HAHI €JUHUM IIPUHIUIIOM (OPMYBaHHS 110-
KPHTTSI — HArpiBaHHSM Ta MPUCKOPEHHSIM MaTepiaiy MOK-
PUTTS y BUIIISI OPOILIKY 200 POBOJIOKH, 33 JIOTIOMOTOI0

© Mopinos O. B., [omuesauii C. O., 2024
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JACTWYHI YACTHHKH Martepially IUIaCTH4YHO JedopMy-
IOThCS, YTBOPIOKOYH Iiap mokputTs. L{i Meronu no3Bos-
F0Th HAHOCHUTH OKPUTTS IIIUPOKOTO CIIEKTPY CITy>KOOBOTO
MIPU3HAYCHHS — 3HOCOCTIHKHUX, KOPO3IHHOCTIHKAX, TEIUIO-
Ta )KapOCTIMKUX, BiTHOBIIOBATRHUX Ta iHIIE [5, 6].

Oxpeme MicIie cepel] MeTOIiB Ta30TepPMITHOTO HaHe-
CEHHsI TOKPHUTTIB 3aiiMa€ XOJI0JHE Ta30AMHAMIHE HAITHIIIO-
BaHHA. Ha BinmMiHY iHIINM MeTOJaM HaNWIIIOBAaHHS, Gop-
MYBaHHSI TOKPHUTTIB BiJIOYBA€ThCS 32 PaxyHOK BHCOKOIII-
BUJIKICHOTO 3ITKHEHHSI YaCTHHOK MOPOLIKY 3 MiIKJIa KO0
npu X TemIiepaTypi, 3HaUHO HWKYiii 32 TeMIieparypy Iuia-
BJICHHS MaTepiaily, 3 IKOr0 BOHH OTpUMaHi [7].

13
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XosogHe Tra3onWHaAMIYHE HANWIIOBAaHHA 34€01/Ib-
LIOTr0 3HAWMIIO 3aCTOCYBaHHS NPU HAIMIIOBAaHHI 3aXHC-
HUX 1 BiIHOBIIIOBAJIFHUX ITOKPUTTIB HA aJIFOMiHI€B1, MarHi-
€Bi, a TAKOX TUTAHOBI CIUIABH, III0 ITUPOKO BUKOPHUCTOBY-
IOThCS B aBialliifiHii Ta paKeTHO-KOCMIYHIN TexHii [8].

SIKicTh MOKPUTTIB, OTPUMAHHUX T'a30IMHAMIYHUM Ha-
MMATIOBAHHSM, 3aJICKNTE BiJ 0araThoX MOCTIMHMX Ta 3MiH-
HUX (PaKTOPIB, KITBKICTh SKUX MOXE CSITaTH ECATKIB [9].
ToMy BaXJTUBUM 3aBIaHHSAM € MPOBEACHHS JOCITIKCHB 3
BHU3HAYCHHS 3aJIC)KHOCTEH (Di3MKO-MEXaHIYHUX XapakTe-
PHUCTHUK IOKPHUTTIB B/l KOMIUIEKCHOT'O BIUIMBY [apaMeTpiB
TIPOIIECY HAITMITIOBAHHS.

AHaui3 gocaigxKenb Ta myoaikauii

OpHI€I0 3 OCHOBHUX XapaKTEPHCTHK Ia30TePMIYHUX
MOKPHUTTIB, 30KpeMa 1 X0JIOJJHOTO I'a30IMHAMIYHOTO HaITU-
JIIOBaHHS, 110 BU3HAYa€ MOXKJIMBICTh BUKOPHCTaHHS BUPO-
01B 3 MOKPUTTSMH, € MIKPOBEPAiCTh. ABTOpH OaraTbox J10-
CJIIJPKEHb, TPHUCBIYCHNX BHBUYCHHIO BIUIMBY IapaMeTpiB
MIPOIIECY XOJIOMHOTO HAMIIIOBAHHS Ha (Di3MKO-MEXaHigHI
XapaKTEPUCTUKHU MTOKPHUTTIB K SKCIIEPUMEHTAIBLHUAM LIS
xoM [10, 11], Tak 1 yrceTPHUMH pO3paxyHKaMH i MOICITIO-
BaHHAMHU [12, 13], HOroXKyIOThCS 3 TUM (PaKTOM, IO IIBH-
JIKICTh YaCTMHOK B MOMEHT 3ITKHEHHsI BiJiIrpae Ba)KJIUBY
POJIb Ha 3HAYCHHSI aAre3iifHOT MIITHOCTI, ITOPUCTOCTI, MiK-
POTBEPAOCTI, TOIIIO.

TeMneparypHO-IIBHIKICHI XapaKTEPUCTUKH YacTH-
HOK 3aJIe)aTh BiJl TEMIEpPaTypH 1 THCKY a3y Ha BXOJi B
coruto [14], Tumy razy [15], po3Mmipy 1 ¢opMu yacTHHOK
MOpOIIKY, X MaTepiany [16], reomerpii cormta [17] Ta iH-
LIMX MTapaMeTpiB.

HasBHICTP BenWKOl KUTBKOCTI BXiIHUX IapaMmeTpiB,
SIKi BIUTMBAIOTH HA JOCIIDKYBaHY QYHKIIIO, TIOTpeOye 00-
IPYHTOBAHOTO BHOOPY Cepe/l HUX HAMOUIbII BIUIMBOBUX.
3a3Bu4ali HEMOXIIMBO Ha OCHOBI 3arajbHOI iH(popMarii
po 00’ €KT TOCTiHKEHHS BU3HAYUTH B HHOMY OITHMAIBHY
obmacte. B 1mpoMy BHIaakKy moOyzoBa KOMITO3HIIHHUX
IUTaHIB, SIKi TO3BOJISIOTH MMOETAITHO MPOWTH HUIAX Bif IMO-
YaTKOBOT TOYKH B JOCHIHKEHHSIX 0 MOTPAIUISHHS B 00-
J1acTh Oa)KaHOTO ONTUMYMY Ta OIKCATH HOTO OJTHUM 3 PiB-
HSIHb perpecii, € KOPUCHMM IHCTPYMEHTOM JUIsi JOCIIi-
JOKCHHS PI3HUX TEXHOJOTIYHUX mporiecis [18].

BukopucTaHHS CTaTHCTHYHHUX METOMIB IIaHYBAaHHS
eKCIIEPUMEHTY JT03BOJISIE OTPUMATH Mo Oararodakro-
PHHX TIPOIIECIB IPH MiHIMaJIbHOMY YHUCII OKPEMUX JOCITi-
niB. Taki MEeTOOw TOCTaTHRO MIMPOKO BHKOPHCTOBYIOTHCS
JUTS OTITUMI3AIIi] MPOIIeCiB HATMITFOBAHHS MMOKPUTTIB [19].

[ToOymoBa MaTeMaTHYHOI MOJIENI CTa€ HEBiJ €MHOIO
YaCTHHOIO JTOCHiKeHb. OTpHUMaHi CIiBBiTHOIICHHS CITy-
TYIOTh JUIS BU3HAUEHHS LIYKAHUX XapaKTEPHCTHK JOCHi-
JUKYBaHOTO 00’€KTa, M0 3aJ0BOJIBHSIOTH BiIMOBITHIM
CTaTUCTHYHUM BHMoraM. [l moOymoBH MaTeMaTHYHOI
MO/IEJTi AOCITI/PKYBAHOTO MPOIECY HEOOXITHO MaTH JOCTa-
THBO YiTKY YSIBY [IPO HOTO CTPYKTYPY, MOBEAIHKY OKPEMHUX
€JIEMEHTIB, B3a€EMOJIii MK HUMH, BIUIUBY Pi3HOMaHITHHX
(akTopiB, a TAKOXK PO PEAKI[il0 HA 3MiHY YMOB JOCIIi-
JDKEHb.

PesynbraTy JOCIiIKEHb 3aIeKHOCTI MIKPOTBEPAOCTI
okpuTTiB 3 nopowmky ACJI-1 Bij peskKiMiB XOJIOAHOTO ra-
30JMHAMIYHOTO HAIMIIOBAHHS, HaBEJEHI B Il CTAaTTi, €
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MPOJIOBXKEHHIM aBTOpaMH POOOTH 3 ONTHMI3allii PeKUMIB
HaNWIIOBaHHA 3a KpuTepieM MikporBepnocTi. [Tonepenns
pobora Oyna mTpHCBSYEHAa OTPUMAHHIO MOJENI, IO
TMOB’s13y€ JOCITIIKYBaHi (akTOpH — TeMIleparypy Ta THCK
ra3y Ha BXOJi B COIUIO, & TAKOX JUCTAHIII0 HAIMIIOBAHHS,
3 MIKpOTBEpZicTI0 MOKpUTTiB 3 mopomky ACJ-1 [20]. 3
aHai3y eKCHEPUMEHTAIBHHX JIAaHUX 1 AUCTIEPCIHHOrO aHa-
73y OyJI0 OTPIMAaHO EMIIPIYHY 3aJI€KHICTh JJIS IPOTHO3Y-
BaHHS MIKpPOTBEPIOCTi MOKPHUTTIB 3 opomky ACJ-1 B mo-
CITIDKYBaHHX Jlialla30HaxX 3Ha4eHb. BiIXuneHHs po3paxyH-
KOBHX 3HA4€Hb Bifl (PaKTHIHUX CTaHOBMIIA HE OuibIe 5 %.

Merta pobotu

Ha ocHOBi oTpuMaHOi paHinie emmipudHOi MoJei
noOyayBaTH 3aJieKHOCTI MIKPOTBEPJOCTI aIIOMIHIEBOTO
nokputTs 3 nopomky ACJI-1, oTpuMaHOro XOJ0JHUM ra-
30IMHAMIYHUM HaNWJIIOBaHHIM, BiJl TEMIEpaTypu Ta TH-
CKy Ta3y Ha BXOJl B COIUIO, a TaKOX JMCTAHI] HaIHIIO-
BaHHSI.

Marepian i MeToanKka I0CTiTKeHb

O0s1agHaHHSA Ta MaTepianan

oxpuTtTs 3 mopomky antominiro AC/I-1 Oy Hamm-
JIeH1 Ha IMiITOTOBJICH] 3pa3KH 3 aJIOMiHi€BOTO cruiaBy J{16-
T 3 BUKOPHCTAaHHAM yCTaHOBKH AJISL XOJIOAHOTO Ta30AnHA-
Miyaoro HammmoBaHHS JJUMET-405. Ilepen nanmmoBaH-
HSAM 3pa3Kd Miiirai adpa3uBHO-CTPYMHHHOMY 00po0-
JIIOBaHHIO KopyHIoM ¢pakiieto Big F60 mo F120 mis 3a-
Oe3neveHHs mopcTKocTi moBepxHi (Big 120 mxm no 160
MKM) Ta BUJIQJICHHS 3a0py/IHEHb.

JociipkeHHsT MIKpOTBEPIOCTI OTPUMaHMUX MOKPHT-
TiB BuKoHaHO 3a [OCT 9450-76 «BumiproBaHHs MiKpOT-
BEPJIOCTI BJIABIIIOBAHHSAM aJIMa3HUX HAKOHEYHHKIBY» 3 BH-
KOPHUCTaHHSAM TBepAoMipy Mikpo-Bikkepc LECO AMHS.
BumiproBaHHS MIKPOTBEpIOCTI MPOBOAMIIOCS Ha MirOTO-
BJICHUX 33 CTAHJAPTHIMH METOJWKAaMH Mikpomuurtiax 3pa-
3KiB 3 TOKPUTTAMHA

Ill1aHyBaHHS Ta MPOBE/IEHHS eKCIIEPUMEHTY

IlnanyBaHHS €KCTIEPUMEHTY 3a3BHYail CKJIaIa€ThCs 3
HACTYITHHUX KPOKIB: BUOIp (paKTOpPiB, BU3HAUCHHS PiBHIB Ta
IHTEepBaJiB BapilOBaHHs, PO3POOJICHHSI MAaTPUIll €KCIEepH-
MEHTY.

Bubip dakropiB moYMHAETHCS 3 BCTAHOBJICHHSI ITapa-
METpIB TPOIECY XOJOIHOTO Ta30AMHAMIYHOTO HAIMIIIO-
BaHHS, sIKi 3HAYHUM YMHOM BIUTMBAIOTh Ha IUILOBY (QyHK-
iI0 — MIKPOTBEPIICTh MOKPUTTS. B 1mboMy nocimipkeHHi
Oynu BU3HAUCHI HACTYIIHI ITApaMETPH: TEMIIEpaTypa i THCK
ra3y Ha BXO/Jli B COIUIO, @ TAKOX AWCTAHISI HAITMITIOBAHHS.

OCHOBHI piBHI €KCIEPUMEHTY Ta IHTEpPBAJIH Bapiro-
BaHHS 00paHMX (PaKTOpiB BH3HAYAIOTH 00JACTH IpPOBE-
JICHHS €KCIIEPUMEHTY. BUKOpUCTaHO TpH piBHI: HU3BKHUI
(-1), cepenniit (0) Ta Bucoxwmii (+1).

B Tabn. 1 HaBenmeHo (akropu Ta piBHI, 0OpaHi IS
MIPOBEJCHHS EKCIIEPUMEHTY.

Henrpaneuuit xomnosuriianii mian (IIKIT) 3
LEHTPaMH Ha TpaHsix OyJio 3aCTOCOBAHO IPH IUIaHYBaHHI
eKcrepuMenTy. Iyt TphOX AOCIHi/KyBaHHUX (akTopiB B
LKII 10 moBHOTO (h)aKTOPHOTO EeKCIIEPUMEHTY (THIry 2°)
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JOJAIOTh «31PKOB1» TOYKH (6 IMIT.) 3 BEIHMYMHOIO «3ipKO-
BOT'O» IIjIeYa 0. = 1, a TAKOXK JESKE YUCIIO Ny TOYOK B IICHTPI
wiany (n = 6). 3aranpHa KUTBKICTh JOCTiIB ckitana 20, mo
JOCTaTHBO JJIS1 OLIHKU JIHIHHOTO, KBaJIPaTUYHOTO, a Ta-
KO J1BO()aKTOPHOTO BIUIMBY 3MIHHHMX MapameTpiB Ha IIi-
JOBY (DYHKIIO (MIKPOTBEPIICTB).

Ta6uauns 1 — ®akropu Ta piBHI, IPUHHATI B JOCIIKESHH]

PiBHi
®daxrop = 0 1
Temmnepatypa rasy 7o (°C) 450 | 500 | 550
Tuck rasy Po(Mlla) 0,6 0,8 1,0
Jycrannis HamwItoBaHHA S (MM) 10 15 20

Omnuc 3aneHOCTEH BINIMBY TOCIIKYBaHHX TTapame-
TpiB Ha MIKPOTBEPIICTh BUKOHAHO 13 3aCTOCYBAHHSAM ITOJTi-
HOMY JIpyTOTO MOPSAAKY, a PIBHAHHSA perpecii 3 TpbomMa Bu-
XiTHAMH 3MIHHUME Ma€ BUTII [20]

y(x1; %25 %3) = Bo + Brxy + Boxz + B3xs + Broxixy +

+B13x1%3 + Bazxaxz + Broxf + Boaxd + Bazxd, (€Y)
Bo — mocrTiitna;
B1, B2, B3 — KoedillieHTH 3MIHHUX X1, X2 1 X3 BiAIO-
BiIHO;

Bi1, B2z, f33 — KoedilieHTH KBaIpaTiB 3MIHHUX X1, X2 1
X3 BIAIIOBIHO;

Bi2, Bi3, P23 — KOChIIiEHTH B3a€EMOJIT 3MIHHHX X[, X2,
1 X3 BIATIOBITHO.

B Tabm. 2 mokazaHO MaTPHIIO TUIAHYBaHHS, IO CKJIa-
naetbest 3 20 eKCIePUMEHTIB 3 3aK0I0BAHUMU Ta [TOYATKO-
BMMM 3HAYEHHSIMHU.

ac

3rigHO PO3poOICHOTo TUIaHy OyJI0 BUKOHAHO HAITH-
JIFOBAHHSI TIOKPUTTIB MO TPH 3pa3Ku AT KOXKHOTO JTOCTILy
3 MOJAJIBIIUM BU3HAYCHHSIM CEPEIHBOTO 3HAYECHHS MIKpPO-
TBepaocTi. [y 3ano6iraHHs BHHIKHEHHIO CHCTEMAaTUYHOT
MOXHOKHM €KCIIEPUMEHTY JOCIHIAN MPOBOJMINCS B JIOBLIb-
HOMY TOpSAKy. HammioBaHHS BHKOHYBaJOCSA 3 IMOCTIH-
HOIO BUTpaToro nopouiky 0,5 r/c 3 OTpUMaHHSIM TOBIIUHA
nokputTs Big 2,0 1o 3,0 mM. PesynbraTi excriepumMeHTa-
JILHUX JOCTIKEHb MIKPOTBEPIOCTI MOKPHUTTIB 3 TIOPOLIKY
AC]I-1 npencrasieno B Tabm. 2 [20].

Pe3yabTaTn 10ciaigxenb Ta ix 00ropopeHHst
OTtpuMaHHs piBHSIHHA perpecil

OOpoOeHHsT OTPHUMAaHUX EKCIIePUMEHTAIbHUX Ja-
HHUX 1 po3paxyHOK Koe]ili€eHTiB perpecii 3 MOAaIbLINM
OLIIHIOBaHHAM iX 3HauymocTi (z-kpurepiii CTblofieHTa Ta
P-BEIMYMHKM) BUKOHAHO 3a JIOIIOMOTOI0 INporpamu Stat-
Ease 360. I1pu 3amanomy piBHiI goctoBipHOCTI 95 % Oyino
OTPHUMAaHO PiBHSHHS perpecii Uil BU3HAYEHHsI MIKPOTBEp-
nocTi mokpuTTiB 3 mopomtky AC/I-1 B o0paHux aiamazoHax
pexxuMiB HanwTioBaHHS (piBHsAHHEA 2) [20]. 3a pesynbpra-
TaMH PO3pPaxyHKiB 3HAYCHHS KOeilicHTy qeTepMinamii R
ckiaio 0,9844, 1110 roBOpUTH PO OBOJII BUCOKY TOYHICTh
orpumanoi mozeni [20]. Anani3 rpadiky HopMabHOT iiMO-
BIPHOCTI Ta JiarpaMu po3CilOBaHHS E€KCIEPHUMEHTaIbHUX
Ta PO3PaxyHKOBHX JIAaHHUX ITOKa3aB HOPMAJIBHUH PO3ITOJILT
MOXMOKH Ta TICHUH 3B’S30K EKCIIEPUMEHTAIBHUX 1 po3pa-
XYHKOBHUX JIaHHX. 3 1bOr0o OYyJI0 3p00JICHO BUCHOBOK IIPO
MOJKJIMBICTh BUKOPUCTAaHA OTPIMAaHOI MOAIeNi (PiBHAHHS 2)
JUI TIPOTHO3YBaHHS MikpoTBepaocTi mokpurtie AC/-1
BiJI TEMIIepaTypH Ta THCKY I'a3y Ha BXOJIi B COILIO, & TAKOXK
JMUCTAHIIl HAMWIIOBAaHHA B JOCII[HKYBaHHUX Mdialla30HaX
3HaueHsb [20]

Mixporsepaicts™®® (HVy ;5 ) = =7,68133-10° +2396,87830(T,) ) + 2, 74734-10° (P, ) + 8988, 59848 (S) -

)
Tabéauus 2 — Matpuis IIaHyBaHHS €KCIIEPHUMEHTY
Toukn Ha | Nem/m JlilicHi 3HaYeHHS 3ako/j0BaHi 3HAYCHHS MikpoTBepicTh,
miandi To,°C Po, MIla S, MM To Py S HVo.15
1 450 0,6 10 -1 -1 -1 49
2 550 0,6 10 +1 -1 -1 55
- 3 450 1,0 10 -1 +1 —1 58
‘; 4 550 1,0 10 +1 +1 -1 64
= 5 450 0,6 20 —1 -1 +1 49
= 6 550 0,6 20 +1 -1 +1 57
£ 7 450 1,0 20 -1 +1 +1 60
= 8 550 1.0 20 ) 1 11 66
- 9 450 0,8 15 -1 0 0 60
& 10 550 0,8 15 +1 0 0 66
e 11 500 0,6 15 0 -1 0 60
.g 12 500 1,0 15 0 +1 0 66
] 13 500 0,8 10 0 0 -1 62
= 14 500 0,8 20 0 0 +1 63
M 15 500 0,8 15 0 0 0 66
16 500 0,8 15 0 0 0 65
Hysosa 17 500 0,8 15 0 0 0 65
TouKa 18 500 0,8 15 0 0 0 64
19 500 0,8 15 0 0 0 66
20 500 0,8 15 0 0 0 65
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IToOynoBa noBepxoHb BiAryKy 0OTpUMAaHOI Moaei cTi mokputTs 3 nopomky ACJI-1 B 3anekHOCTI Bix TeMIe-

BHKODHCTOBYIOUH OTpUMAHE piBHAHAS (2) GyH To- paTypu Ta THCKY I'a3y Ha BXOJIi B COILIO, @ TAKOXK JHCTAHII]

. 7. . SN HANWIIOBAaHHS, B JIOCII/DKYBaHUX Jiana3oHaXx 3HA4YeHb
Oy/moBaHi TPUBUMIpHI rpadiky 3a1eKHOCTI MIKPOTBEPIO- )
(muB. Tabnuio 3), AKi NOKa3aHO HA PUCYHKY 1.

Mikpotsepaicts, HV

Mikporsepaicts, HV
B: Tuck, Mlla
o
oo
Y

470 490 510 530
A: Temneparypa, °C

a o

Mikporsepaicts, HV

—_ — — [
i (=2 =] [=]

Mikporsepaicts, HV

C: JlMcTaHIis HAMMITIOBAHHS, MM
I~

10 T o T T
490 510 530
A: Temneparypa, ‘C

6 2

Mikpotsepaicts, HV
20

Mikpotsepaicts, HV
> =

C: lucTaHIis HAUIIOBAHHSA, MM
=

12
10 .
0.6 0.7 0.8 0.9 1.0
B: Tuck, MIla
0 e

Pucynoxk 1. 3anexxHocTi MiKpOTBepAOCTi MOKPUTTIB 3 mopoiky AC/I-1 Bix 1ocnimKyBaHUX MapaMeTpiB HATMITIOBAHHS:
a, 8, 0 — IOBEPXHI BIATYKY; 0, 2, ¢ — KOHTYPHI Jiarpamu
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[MigBumeHAs po60401 TeMIepaTypu Ta3y BIDIBAE Ha
30UIBIICHAS IIBUAKOCTI Ta TEMIEpaTypu yacTuHOK. O0u-
JBa (akTopu — 30UIBIICHHS HIBUAKOCTI 1 TEMIEpaTypH 3i-
TKHEHHS YaCTHHKH 3 MiIKIaIKOI0 — B 3HAYHIN Mipi BIUH-
BAlOTh HAa 3POCTaHHS MIKPOTBEPAOCTI MOKPHUTTS. Brums
TEeMITEpaTypy YaCTHHOK Ha MIKpPOTBEPJICTh MOXKHA MOSIC-
HHUTH iX OLIBIIOIO iHTEHCHBHICTIO nedopmanii mpu 3iTk-
HEHHI 3 MiJKJIJKOI0 Yepe3 TeMITepaTypHe po3M’ SKIIECHHS,
10 CHpUSIE€ 3MEHIIEHHIO KUTBKOCTI Ta pO3Mipy MOp B CTPY-
KTypi TOKPUTTSI.

3aneXHICTh KPUTUYHOT IBUIKOCTI HATMITFOBAaHHS BiJT
TEeMITepaTypy YaCTHHOK OyJ1a mokaszaHa B po6oti [16]. 3me-
HIIIEHHST HEOOX1JHOT KpUTHYHOI MIBUAKOCTI HAITMITIOBAHHS
MIPUBOANTH 10 OTPUMAHHS OUTBIINX 3HAYEHD BiAHOIICHHS
LIBUKOCTI YACTHHKH JI0 KPHTHYHOI IIBUIKOCTI, 1110 TO3H-
THBHO BIUTHBA€E HA CTYIIHb PO3ILIIONIYBaHHS YaCTHHOK I10-
POIIKY, IOKpPAIeHHs BIACTUBOCTEH IIOKPUTTA (3MEH-
[ICHHS MMOPUCTOCTI, MIABHIICHHS MIKpPOTBEPAOCTI, ajire-
31fHOT Ta KOre3iiHOI MII[HOCTI, TOIIO), MiABHIICHHS e(eK-
THUBHOCTI HAIMJTIOBaHHS TOLIO.

MakcumainbHa MiKpOTBEPIICTb IIOKPUTTS OyJ1a OTpU-
MaHa IpY AUCTAHII{ HAIMJIIOBaHHS, SIKa MPUOIM3HO JI0Pi-
BHIOE 15 MM (nuB. pucyHoK 1). 3 pucyHky 1 BHIHO, 11O 3i
301IbIIEHHSAM AUCTaHLIiT HanuoBaHdst 3 10 MM 1o 15 mMm
MIKpOTBEpIicTh 3pocTae. [IpoTe momameine 30iTbIICHHS
mucTaHtii 1o 20 MM IPU3BOIUTE A0 11 3MCHIIICHHS.

JlucTaHIis HAMWITIOBaHHA BIUIMBA€E Ha Ta30BHHU MOTIK
MDX BUXITHAM MEPETHHOM COIUIA Ta MMOBEPXHEIO IiaKIIa-
nku. [Tpy HaTikaHHS OTOKY Ha MEPEIIKoy Ha ii MOBepXHi
YTBOPIOETHCS 00JAaCTh MiABHINEHOTO THUCKY — CTPHOOK
yuriibHeHHs. TOBIIMHA IIBOTO APy 3aJIeXKUTh Bijl JHCTa-
HITIT HAITMJTFOBAHHS — YMM O1IbIIIA BIZICTAHb BiJl BUXOAY CO-
U1a 0 MiJKJIaJKHA, THM TOBIIMHA CTPUOKY € MEHIIIOK. 3a
pe3ysbTaTaMi KOMIT'IOTEPHHUX MOJIENIIOBaHb Ta EKCIICpH-
MEHTAJILHUX JIOCII/DKEHb PI3HUMHU aBTOpaMy 0yJI0 BCTaHO-
BJICHO, III0 IIPU NPOXO/KEHHI YaCTHHOK uepe3 CTPHOOK
YIIUIBHEHHSI CIIOCTEpIiraeTsesl ix rambmyBasHsS [21]. s
YaCTHHOK ITOPONIKY /JiaMEeTPOM 5 MKM II€ B3araii € CyTTe-
BHM, IIO HaBiTh MOXKE BIUIMBATU Ha 3MiHY iX TpaekTopii
[22]. 3i 30inbIIeHHSAM AUCTAHIIT Bi/T 3pi3y COILIA MO ITiTK-
nanku 3 10 MM 10 15 MM, 301TBIIyE€THCS Yac 3HAXOMKEHHS
YaCTUHOK B I[bOMY TIOTOLII, IIBUAKICTH 1 TEMIIEpaTypa IKUX
NPOJOBXKYE 3pOCTaTH. IIpH IIbOMY 3MEHIIYETHCS BIUIUB
CTpuOKa YIIUTPHEHHS Ha IIBHAKICTh YaCTHMHOK IpPHU 3iTK-
HeHHI 3 niaknankoro. [Ipore npu noxanpoMy 30i1bLICH]
JIMCTAHII1 HAIIMJIFOBaHHS 1 JOCSTHEHHSI IEBHOTO 3HAUYEHHS
CIIOCTEPIraeThCsl TralibMyBaHHS YacCTUHOK B MOTOI, MHa-
JHHS X TeMIIepaTypH, IO i BIUTMBA€E HAa 3MEHIIEHHS MiK-
POTBEPAOCTI IIOKPHUTTIB.

BB THCKy Ta3y Ha MiKpOTBEPICTh IIOKPUTTIB I10-
Ka3aHO Ha pUCYHKY 1. 301IbIIeHHSI pOOOYOr0 THCKY BIUTH-
Ba€ Ha 301IbLIEHHS MIKPOTBEPAOCTI. 3pOCTaHHS MIKPOTBE-
pAocTi croctepiraeTbest 31 301IBIICHHSIM THUCKY NPHOIH-
3a0 g0 0,8 Mlla. Ilomampmie 30iMBIIEHHS THUCKY Tra3y
Maibke He BIUTMBAE HAa MIKPOTBEPIICTh MOKPUTTIB. I1inBHU-
LICHHS TUCKY ra3y BIUIMBAa€ Ha 3HAYCHHS T'yCTHHH MOTOKY
B PO3LIUPHIN YaCTHHI COIUIA. 301IBIICHHS I'YCTHHHU TOTOKY
MIIBUIIY€E CHITY JIOOOBOTO ONOpPY YaCTHUHKH, IO MO3HMTH-
BHO BIUTMBA€E HA iX MPUCKOPEHHS B ra3oBoMy moroii [23].
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[Tpote icHYIOTh NIeBHI 0OMEKEHHS 3pOCTaHHS THCKY Ta3y,
OB’ s13aHi 3 TEOMETPI€I0 HAI3BYKOBOTO COILIA, SIKE PO3PO-
OISETRLCS I1iJ] IEBHE MO0 3HAYEHHS.

BucHoBkH

1. [IpoBeneHo mOCTiKEHHS BIUIMBY PEXHUMIB XOJIO-
JTHOTO T'a30/IMHaMIYHOTO HANMIIOBAHHS, a caMe TeMIlepa-
TYpH Ta THCKY Ta3y Ha BXOJi B COIUIO, a TAKOX JUCTAHII]
HATWITIOBAHHS, B IIUPOKOMY [iara3oHi 3Ha4eHb Ha MIiKpo-
TBEPIICTh MMOKPHUTTIB 3 amroMiHieBoro mopomky AC/-1.

2. IlnanyBaHHSI €KCIIEPUMEHTY BUKOHAHO 3 BUKOPHC-
TaHHSIM METOZOJIOTI{ ITaHyBaHHS 0araTopakTOPHOTO eKC-
MEPUMEHTY 3 peaji3alli€io HeHTPATbHOTO KOMITO3UIIHHOTO
IUTaHy 3 IICHTPaMHU Ha TPaHAX 3 00pOOJICHHAM OTPUMAHUX
CTaTHUCTUYHHMX JaHUX B NpoOrpaMHoMy makeTi Stat-Ease
360.

3. OTpuMaHy paHillle HaMH EMITIPUYHY 3aJICKHICTh
JUISL TIPOTHO3YBAHHSI MIKPOTBEPAOCTI MOKPUTTS 3 TIOPOLIKY
ACJI-1 Oyno BUKOPHCTaHO AJIsI MOOYAOBH 3alIeKHOCTEH
MIKpPOTBEPIOCTI MIOKPHUTTIB Bi AOCHTIHKYBAaHUX IMapaMeT-
piB HarmITIOBaHHS. BcTaHOBIICHO, IO TeMIlepaTypa rasy Ta
JIMCTAHIIS HAMIIOBAHHS MAarOTh HAHOIIBIIMKA BIUIMB Ha
MIKpPOTBEPIICTh TOKPHUTTIB.
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Purpose. To investigate the effect of the main parameters of the cold spraying process, particularly the temperature
and pressure of the gas at the nozzle inlet and stand-off distance, on the microhardness of the ASD-1 aluminum coating.

Research methods. The planning and conducting of experimental research were carried out using the design of
experiment methodology and regression analysis. The analysis of the obtained results of the experiments was carried out
in the software package for statistical data Stat-Ease 360. The research of the microhardness of the sprayed coatings was
carried out following GOST 9450-76 “Measurements microhardness by diamond instruments indentation(@ using a
LECO AMHS5 micro-Vickers hardness tester on the prepared cross-section of samples with coatings.

Results. Three-dimensional (response surfaces) and contour graphs of the dependence of the microhardness of coat-
ings deposited by the cold spraying method from ASD-1 powder on the main process parameters - the temperature and
pressure of the gas at the nozzle inlet and stand-off distance in a wide range of values - were constructed. According to
the results, it was established that the gas temperature and the spraying distance have the most significant influence on
the microhardness of the coatings. The relationship between the investigated parameters of spraying with the temperature

and velocity characteristics of the powder particles and their effect on the microhardness is described.

Scientific novelty. The complex effect of the main parameters of the cold spraying process, particularly the temper-
ature and gas pressure at the nozzle inlet and the stand-off distance, on the microhardness of ASD-1 aluminum coatings

in a wide range of values, was investigated.

Practical value. The obtained dependences of coating microhardness on process parameters can be used in devel-
oping scientifically-based recommendations and technological processes of deposition of protective and restorative coat-
ings by cold spraying, particularly on parts of aircraft engines.

Key words: coatings, design of experiment, regression equation, deposition modes, process optimization.
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PULSE DEPOSITION METHOD FOR WIRE AND ARC ADDITIVE
MANUFACTURING

Purpose. To reduce the waviness of the side surfaces of wire and arc additive manufactured parts.

Research methods. Two groups of deposited specimens were used. The waviness of the side surfaces was measured
from digital images of the cross sections of the specimens. The images were obtained by optical digital scanning. To
establish a functional relationship between the geometric parameters of the beads and the main deposition parameters,
regression and analysis of variance were performed on the measured data.

Results. It was found that different combinations of the main process parameters resulted in a surface waviness of
1.21 £ 0.23 mm. Based on the results obtained, a pulse deposition method was developed. The implementation of regular
pauses reduced the heat input and the time spent by the material in the molten state, which limited its distribution. The
proposed method resulted in a significantly lower waviness of 0.47+0.08 mm and a significant improvement in the stability
of the resulting surface irregularity.

Scientific novelty. It has been shown for the first time that the waviness of the side surfaces in wire and arc additive
manufacturing does not depend on the main deposition parameters, but is related to the nature of the arc-based deposition
process. The developed method of pulsed deposition limits the time the metal remains in the molten state, which reduces
the waviness of the surfaces by up to 60% and improves the stability of the geometry by three times, reducing the standard

deviation to 0.08 mm.

Practical value. Pulsed deposition improves the predictability of the printed geometry by improving the accuracy
and quality of the side surfaces. This reduces the required machining allowance, speeds up production, and reduces
material waste. In some cases, the predictability of the geometry makes it possible to eliminate post-processing.

Key words: additive manufacturing, 3D printing, WAAM, GMAW, arc welding, waviness, surfaces, heat input,

parameter optimization.

Introduction

Modern manufacturing processes are focused on
enhancing the functionality and service life of components
and tools, which could be achieved using advanced
materials with improved characteristics. Despite their high-
performance properties, such materials are also costly,
making the optimal use of each material a priority in
production. The efficiency of materials can be enhanced by
adopting cutting-edge additive manufacturing
technologies, which allow for the optimization of the ratio
of material used to the weight of the finished product,
thereby reducing waste and increasing the utilization of
material in the final product [1].

The quality of parts produced through additive
manufacturing based on arc welding (WAAM), without
additional mechanical post-processing, often proves to be
unacceptable, as the deviations in the shape of such parts
and the geometry of their surfaces significantly impair the
accuracy of dimensions and mechanical properties, which
must meet the requirements set by designers. At the same
time, the use of mechanical cutting processing resolves the
issue of surface quality and geometric accuracy, but the
removal of excess material added for machining
allowance, as well as the use of cutting tools, leads to
additional material costs and increases production time.
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Eliminating or reducing post-processing can
potentially speed up the production of parts that are not
demanding in terms of surface quality, as well as reduce
their cost. However, the characteristic waviness of surfaces
typical for the WAAM method, which negatively affects
the strength of the parts and their resistance to cracking,
must be considered at the design or production stage [2—4].
Predicting the mechanical characteristics of printed
components is complicated by the unstable unevenness of
the lateral surfaces in the longitudinal and transverse
directions to the layers, which is formed by the peculiarity
of metal transfer and bead formation in the WA AM process
based on GMAW (Gas Metal Automatic Welding).

Optimization of the bead formation process in metal
is a relevant scientific and technical issue, the resolution of
which will ensure high-quality geometry of the surfaces of
the printed parts, improve the efficiency of material use,
and reduce the volume of post-processing.

Analysis of Research and Publications

To ensure acceptable quality of WAAM parts,
especially when used without post-processing, it is
necessary to optimize the unevenness of the lateral surfaces
of the printed parts by controlling the geometric parameters
of each individual layer of the product. The main
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parameters are the width and height of both individual
beads and their combinations. This simplified
characterization allows for planning the growth trajectory
and segmenting 3D models into separate layers.
Unbalanced printing parameters inevitably lead to the
formation of welding defects such as pores and lack of
fusion, as well as deviations in the shape of the printed part.

WAAM based on GMAW is a complex additive
process based on the principles of arc welding with a
consumable electrode in a shielded gas environment.
Accordingly, the main technological parameters of
WAAM can be considered the wire feed speed (WFS) and
the travel speed of the torch (TS). Additionally, some
studies mention the impact of the interpass surface
temperature on the geometric parameters of both individual
beads and the printed objects as a whole [5].

Optimization of technological parameters in WAAM
is the central theme of many studies aimed at improving
productivity, optimizing the geometry of printed parts, and
reducing residual stresses caused by the thermal cycles of
layer-by-layer growth. These studies indicate that among
all technological parameters, the wire feed speed (WFS)
and the travel speed of the torch (TS) are key factors that
affect the geometric parameters of the beads, the stability
of the WAAM process, and the accompanying thermal
cycles [5, 6]. In various studies concerning the quality of
the geometry of printed parts, the effective wall width
(EWW) is often discussed in terms of its relationship with
the main technological parameters of WAAM, namely
WES and TS [6-8].

In the context of WAAM, particularly when growing
thin-walled parts, the effective wall width (EWW) and the
total wall width (TWW) can be considered as one of the
criteria for assessing the optimality of the chosen
technological parameters. The ratio of TWW/EWW can
serve as a criterion for selecting among several
combinations of parameters that provide the same size of
TWW or EWW. A lower ratio indicates less surface
waviness and, therefore, higher material usage efficiency.
With the same EWW achieved by different combinations
of WFS and TS parameters, the least surface waviness will
ensure the smallest TWW/EWW ratio.

Among the main parameters, WFS directly ensures
the delivery of a specific volume of filler material to the
application site per unit of time. Moreover, WFS is directly
related to the magnitude of the welding current, which, in
turn, is directly proportional to the amount of heat input
[9]. WFS must be balanced with TS to ensure a stable arc
burning process and, accordingly, a stable geometry of the
deposited layer. TS, along with WES, provides a certain
volume of filler material per unit length of the trajectory,
which can significantly affect the width of the weld bead
and the overlap of adjacent beads. It is also noted that TS
directly influences the heating rate of the base material, as
this parameter determines the time the heat source remains
on a specific segment of the trajectory. At lower TS values,
the heat input and the width of the beads increase, while at
higher TS, insufficient fusion between layers and unstable
bead shape may occur [7, 8]. Thus, heat input, controlled
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by TS and the magnitude of the welding current, as well as
WEFS, significantly affect the height-to-width ratio of the
bead. With an increase in heat input, the height-to-width
ratio of the bead decreases, while an increase in WFS
causes this ratio to increase. Additionally, as the height of
the bead increases, the wetting angle of the surface by the
applied bead also increases, whereas an increase in the
bead width decreases it. [8—11].

Based on existing research, optimizing WFS and TS
is the most effective method to ensure control over the
geometry of the beads, maintain process stability, and
achieve good surface quality and dimensional accuracy of
WAAM parts. [12—-14].

Objective of the work

In the context of the identified problem, the main
objective of the work is to reduce the waviness of the
lateral surfaces of parts manufactured using the WAAM
method. To achieve this objective, it is necessary to:

e Experimentally determine the dependence of waviness
on the technological parameters WFS and TS;

e Based on the experiment, analyse the bead formation
and identify the main causes of the unstable process of
metal bead formation;

e Develop a method to reduce the waviness of the lateral
surfaces by improving the control of heat input and the
deposition of filler metal.

Materials and Methods

The previously determined range of optimal
technological parameters for WAAM [15] ensures the
stability of individual bead formation in the longitudinal
direction of the deposition trajectory. However, to assess
the suitability of a particular combination of WFS and TS
parameters for use with reduced post-processing, it is
necessary to investigate the lateral surfaces of the walls
formed during multi-layer growth. For this purpose, based
on the previous range, a practical experiment with multi-
layer growth of single-pass walls was planned. Four values
of WFS and TS parameters from the range defined in the
previous section were selected for this. Based on the
selected factors, a full factorial experiment with sixteen
parameter combinations (Table 1) was conducted, which
was used to fabricate sixteen samples

Each sample consisted of ten layers of single-pass
beads, each 85 mm in length. The beads of the first layer
of all samples were deposited on the surface of a metal
plate with the same welding parameters to form the base of
the walls. Subsequent beads were deposited with the
respective welding parameters, changing the deposition
direction every second layer. This growth strategy
eliminated the effect of height accumulation at the
beginning of the wall and height drop at its end. The
contact tip to work distance (CTWD) was maintained at a
constant value of 13 mm. The interpass temperature was
controlled at 100£10°C to eliminate the heat accumulation
effect, which influences the fluidity of the metal [16, 17].
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Table 1 — Design of experiment for determining the
relationship of surface quality with WFS and TS

Sample # WFS, m/min TS, cm/min
1 2 30
2 4 30
3 6 30
4 8 30
5 2 40
6 4 40
7 6 40
8 8 40
9 2 50
10 4 50
11 6 50
12 8 50
13 2 60
14 4 60
15 6 60
16 8 60

The primary filler material chosen for the experiment
was welding wire made of heat-resistant stainless alloy 718
with a diameter of 1.2 mm. This material is popular in the
aerospace engine industry and widely used in power
generation units. Alloy 718 is well-suited for welding, and
thus the WAAM process is not accompanied by defects
such as porosity or cracking. Given the chemical
composition of the material, the growth was performed in
an argon environment with a purity of 99.993%. For the
substrate, low-carbon structural steel sheet was chosen, as
it has sufficient compatibility with alloy 718 to form a
strong metallurgical bond until the growth is completed
and testing is conducted.

For sample growth, a Yaskawa Motoman MA 1440
welding robot equipped with a Fronius TPS500i welding
power source, WF25i and WF60i Robacta Drive wire
feeders, and a Fronius MTB 5001 WR 22° welding torch
was used.

Research Results

Upon completion of sample fabrication, a qualitative
assessment of the material deposition process and the
longitudinal stability of the bead geometry during
multilayer growth was conducted. As expected, sample 4
with the highest WFS/TS ratio lost its shape after the third
deposited layer (Fig. 1). The loss of shape was due to a
significant excess of metal and the amount of heat input,
which, combined with the lowest TS, provided the highest
linear energy among the studied samples. This led to an
increase in the size of the molten metal pool and its
overflow with filler material. The excess material per unit
length of the bead resulted in its spilling, manifesting as a
wide and uneven bead shape. The other samples
demonstrated satisfactory longitudinal stability of bead
shape.

The primary parameter for evaluating the geometry
quality of the printed parts is the waviness of the lateral
surfaces, as defined by ISO 21920-2 (formerly ISO 4287)
[18]. The smallest absolute value of waviness (Wt)
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indicates stability and consistency of the forming process,
ensuring the best possible operational properties and
material usage efficiency.

10 wsg

Figure 1. Cross-sections of samples with continuous beads

To assess the cross-sectional shapes of the printed
samples, surface maps with the initial profile of each
sample were created based on their scanned images
(density of 1200 pixels/inch or 47.244 pixels/mm) using
ImagelJ software. By applying a Gaussian filter according
to ISO 16610-21, the waviness profile was separated from
the roughness component.

The waviness measurements were taken over a
specific evaluation length, which was the full length of the
lateral surface profile of each sample, excluding the first
and last deposited layers. This exclusion is justified by the
fact that the first layer is deposited on a cold substrate,
resulting in a smaller width and greater height compared to
subsequent layers. Therefore, when studying EWW and the
maximum waviness Wt, this could significantly affect the
measurement results. For the same reason, the last layer,
which has a curved shape, was excluded from the
calculations as it could significantly distort the
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measurement results. To simplify the analysis, a profile
length of 2 mm from the substrate and the surface of the
last layer was excluded.

The measurements of TWW and EWW showed a
consistent relationship with WES and TS, similar to what
was previously determined [15]. At the same time, the
waviness Wt measured based on the profiles of the studied
samples was 1.21+0.23 mm. Since WFS and TS
collectively determine the linear energys, it is logical to seek
a connection between the waviness and linear energy. The
Pearson correlation coefficient of 0.68 between the total
waviness and linear energy indicates a strong positive
linear correlation of the variables. However, despite the
correlation coefficient, it is impossible to establish a

significant  functional relationship between these
parameters.
Thus, the experiment with multilayer growth

confirmed the adequacy of the previously determined
range of WFS and TS parameters, beyond which the
stability of bead formation is disrupted, making it
impossible to continue the growth process. Since the
selected combinations of WFS and TS parameters for the
study form walls with a waviness of 1.21+0.23 mm,
considering the absence of a functional relationship
between the waviness and WAAM technological
parameters, the optimality of the latter will be determined
by EWW according to the design of individual parts.

The absence of a functional relationship, along with
qualitative and quantitative analyses of the sample profiles,
indicates that the resulting waviness is caused not so much
by a specific combination of technological parameters but
by the nature of the process itself, which uses an electric
arc as a heat source. The probability of abnormally high
waviness is extremely high, especially when using higher
values of linear energy. The overflow of the molten metal
pool disrupts the stability of the pool shape and the printed
elements, affecting the quality of component formation in
additive manufacturing and the deposition productivity of
WAAM. This is corroborated by other studies, which state
that WAAM has potential issues with morphological
accuracy due to arc metallurgy mechanisms with complex
thermal cycles [19].

Based on the analysis of unsatisfactory combinations
of technological parameters, a pulsed material deposition
method was proposed to improve the control of bead
formation. Pulsed deposition, or material deposition in
portions, can provide lower heat input into the part by
periodically turning off the arc. Dynamic processes in the
molten metal pool can cause disturbances in bead
geometry. Bead formation can be particularly unstable
with critical combinations of the main WAAM process
parameters. Therefore, to limit the flow of molten metal
and shorten the lifespan of the molten metal pool, it was
proposed to use pulsed delivery of both filler material and
energy for melting. Periodic interruptions in the process
help control the size of the molten metal pool and limit the
metal's spread.

The proposed method involves using discrete
portions of metal in the form of deposited points. Each such
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portion of deposited material can be described by its
diameter D and height H. According to a previous
experiment [15], which established the relationship
between bead width and height and WAAM technological
parameters, the size of the point can be determined by WFS
and its deposition time AT (active time) (Fig. 2).

Deposited dots eposition trajectory

Figure 2. Pulsed deposition diagram

Thus, the formation of a continuous bead, consisting
of a chain of individual points, is controlled by the size D
of one point, the torch travel speed TS, and the non-
deposition time PT (passive time) (Fig. 2). Therefore, the
first step in developing the pulsed material deposition
method is to establish the dependence of the sizes of
individual points on the WFS and AT parameters. Based
on the previously determined range of parameters, a 3x3
experiment matrix was constructed to study the size of the
portion (point) (Table 2).

Table 2 — Dot size evaluation experiment
Sample # WFS, m/min
1

AT, s
0.15
0.25
0.35
0.15
0.25
0.35
0.15
0.25
0.35

NeREe N BN Ko N R, RS RSN § \S)]
NN RN-RIENRENEENERV, N RV, B RV,

WEFS of 3 m/min was not used in this experiment, as
the previous experiment showed a lack of material in three
out of four samples with continuous material deposition. In
pulsed deposition, even less material is added per unit of
time, so the result will be predictably negative for this WFS
with sequential point deposition.

As a result of the full factorial experiment, nine
samples of points were obtained, deposited in five layers
(Fig. 3). To prevent the effect of heat accumulation on the
sample geometry, the interlayer temperature was
maintained at up to 100°C. During the experiment, the
substrate temperature did not exceed 80°C. The average
height of individual points was 1.01£0.16 mm. At the same
time, correlation analysis showed a strong positive
relationship between the point diameter D and WFS. The
Pearson coefficient for this pair of parameters was 0.82. A
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significant correlation also exists between the point
diameter D and the arc time AT, for which the Pearson
coefficient was 0.56. Thus, with the increase of both
technological parameters, the diameter of the point also
increases (Fig. 4). The normality test showed a normal
distribution of the measured D values with a high
probability (p = 0.93). Through regression analysis, the
following dependence was obtained:

VD = 1.1914 + 0.09946 x WFS + 1.348 x AT. (1)

According to the T-test, the WFS parameter has the
most significant positive effect on the change in point
diameter (Table 3). The Fisher criterion for the regression
was 126.75, indicating the significance of the constructed
model. Its adequacy is confirmed by the coefficient of
determination R? of 97 % and a standard error of 0.04 mm.

Figure 3. Multilayer dot samples

D, mm

m3-35 E35-4 @445 B4.5-5 @5-55 @5,5-6

Table 3 - ANOVA and regression analysis of the dot
diameter model

Parameters WES AT
Coeff. 0.09946 1.348
SE Coeff. 0.00755 0.151
T-Value 13.18 8.93
F-Value 173.69 79.81
P-Value 0.000 0.000

To form continuous beads, a methodology for their
combination based on point sizes was developed. For this
purpose, the optimal TS speed was selected based on
previous experiments. Using the selected TS speed and
point diameter D, the passive time PT between points was
calculated. The passive time and TS determine the distance
from the location where the arc of the previous point is
turned off to the location where the arc of the next point is
ignited. This distance should not exceed a certain value;
otherwise, individual points rather than a continuous bead
will be formed. It is assumed that the ignition of the arc for
the deposition of the next point should start when the torch
has traveled a distance equal to the radius of the previous
point (Fig. 5). PT can be calculated using a simple formula:

= ﬁ' (2)

where PT — is the passive time, s; R — is the radius of the
deposited point, mm; 7S — is the travel speed of the torch,
mm/s.

WFS, m/min

06-6.5

Figure 4. Dependence of deposited dot diameter on WFS and arc time
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Figure 5. Dot by dot bead formation by pulse deposition

To investigate the possibility of forming continuous
beads from individual points, the diameter measurement
results were divided into three groups by size +£0.25 mm.
Each group has several parameter combinations that
provide similarly sized points. Heat input analysis shows
that a combination with higher WFS and lower AT
provides less heat input, making it more preferable for
application. Additionally, to study the effect of point
density on surface irregularity, 75 % and 50 % of the
calculated PT were used. Given that three variable
parameters were selected for bead formation, the
experimental design was developed using the Taguchi
method, which, unlike a factorial experiment for testing all
combinations, uses an orthogonal array for efficient
parameter combination testing (Table 4).

Table 4 — Design of experiment for pulse deposition

PT, s D, mm TS, cm/min

t DI 30

t D2 40

t D3 50
0.75t D1 40
0.75t D2 50
0.75t D3 30
0.5t DI 50
0.5t D2 30
0.5t D3 40

Using the selected parameter combinations, nine
samples were printed, each consisting of 14 layers (Fig. 6).
The first layer was deposited with the same regime
parameters to form subsequent layers, so the first layer was
not considered in further analysis. The temperature of the
samples between layers did not exceed 100 °C. The
obtained samples demonstrate significant improvement in
geometric  stability and reduction in waviness.
Measurements showed that the average value of total
waviness Wt for all samples decreased to 0.47 mm with a
standard deviation of 0.08 mm.

Thus, the proposed pulsed material deposition
method reduces waviness from 1.21 mm to 0.47 mm,
which is an average reduction of 61 % compared to the
waviness formed by traditional continuous material
deposition. Additionally, the reduction in the standard error
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from 0.23 mm to 0.08 mm, almost three times, indicates a
substantial improvement in the uniformity of the lateral
surfaces.

Figure 6. Cross-sections of samples with pulse deposited beads

Comparison of samples with continuous and pulsed
material deposition shows that at similar EWW values
(e.g., 5.11 mm for sample #2 with continuous deposition
and 5.37 mm for sample #6 with pulsed deposition), the
TWW/EWW ratio is 1.5 and 1.17, respectively. Thus,
reducing waviness improves material usage efficiency. The
linear energy during the growth of sample #2 was
380 J/mm. In sample #6, the linear energy was reduced to
272 J/mm due to the introduction of periodic energy
delivery interruptions.

Taguchi method analysis established that passive
time PT has the greatest effect on the waviness Wt (Fig. 7).
The travel speed of the torch TS also shows a significant
effect, while the point diameter has almost no impact on
waviness. According to the analysis, the smallest waviness
is achieved with shorter passive time PT and lower TS.
Given that reduced pause time and decreased torch travel
speed provide the highest linear energy for given WFS and
AT, it can be concluded that the unevenness of the lateral
surfaces primarily depends on the size and stability of the
molten metal pool. By limiting the time of the deposited
metal remaining in the molten state, the quality of the
surfaces was improved.
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Figure 7. Main Effects Plot for Mean Values of PT (A), D (B) and WFS (C)

Conclusions

As a result of the experiments conducted, it was
determined that the selected combinations of WFS and TS
parameters from the previously identified range of optimal
parameters provide an average surface waviness of 1.21
mm with a standard deviation of 0.23 mm. Thus, it was
confirmed that the waviness of WAAM part surfaces is
primarily caused by the nature of the arc material
deposition process rather than the main technological
parameters.

Based on the analysis, a method was proposed and
developed to enhance the control of bead formation and
reduce surface irregularities by introducing pulsed material
deposition and energy delivery for melting the filler
material. Deposition with periodic interruptions allowed
for a reduction in heat input and the duration of the material
in the molten state, thereby limiting its spread. The
proposed method provides a waviness of 0.47+0.08 mm,
indicating not only a reduction in waviness but also a
significant improvement in the repeatability or stability of
the formed surface irregularities. At the same time, the
introduction of periodic interruptions reduces the linear
volume of metal, thus decreasing the production process
efficiency.

It was determined that at equal EWW values, the
proposed pulsed material deposition method provides a
lower TWW/EWW ratio compared to traditional
continuous deposition. Reducing this ratio means
improved material utilization efficiency, stability of bead
formation, and predictability of geometric parameters of
both individual beads and printed elements as a whole.
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METOA IMIIYJbCHOI'O HAHECEHHS MATEPIAJTY IIPU
AAUTUBHOMY BUPOBHHUILTBI HA OCHOBI EJEKTPOAYT'OBOT'O
3BAPIOBAHHA

Mounoukos /. €.

acmipanT HamioHanbHOTO yHiBEpCcHTETY «3amopi3bka IOJIITEXHIKa», M. 3allopixKs,

VYxpaina, e-mail: molochkov@zp.edu.ua, ORCID: 0000-0002-9030-5371

Kymukoscesknii P. A.
YHIBEPCUTETY

KaH/I. TEXH. HayK, JIOLEHT, JOLeHT Kadeapu oOpoOku MetaniB THCkoM HanioHansHOro
«3anopi3bpka

MTOJTITEXHIKAY, M. 3anopixoKs, VYkpaiHa,

e-mail: kulikovski@zp.edu.ua, ORCID: 0000-0001-8781-2113

Mema pobomu. 3menwenns xeunacmocmi 6OOKOGUX NOBEPXOHb Oemanel, AKi GUSOMOBIAIOMBCS MEMOOOM
AOUMUBHO20 BUPODHUYMEA HA OCHOBI eeKMPOOY208020 36APIOGAHHSL.

Memoou docnidscenns. Buxopucmano 08i epynu 3pasKis, 6U2OMOBIEHUX MEMOOOM AOUMUBHO20 BUPODHUYMEA HA
OCHOBI  e1eKmMp0o0Y206020 38apIOGAHHA. XEUNACMICMb OOKOBUX TNOBEPXOHL GUMIPIOGANACL HA OCHOSI YUPPOSUX
300pasicenb NONEPeuHUX nepepizié 3paskis. 300pancenHs OMPUMAHO WIAXOM ONMUYHO-YUPDPOBO20 cKaHyans. Jis

BCMAHOGNIEHHA  (DYHKYIOHATLHO2O 38 ’A3KY MIdC 2eOMEeMPUUHUMU NAPAMEMPamMu  8AIUKIE 1

MEexXHOI02TUHUMU

napamempamu npoyecy 8UKOHy8a6cs pezpecitinuii ma OUCnepCiiHull ananizu UMIPAHUX OAHUX.
Ompumani pezynomamu. Busnaueno, wo pisni Komoinayii 0CHOBHUX MeXHONIOINHUX napamempis 3a0e3neuyioms

xeunscmicme nogepxousv 1,21 £0,23 mm. Buxooauu 3 ompumanux pe3yiomamis 6yn0 po3pobieHo memoo iMnyabCHO20
Hanecenusi mamepiany. Bnposeadowenns nepioduunux nepepuganb 003601ULO 3MEHUIUMU MENIO8HECeHHs 1 yac
nepebyeanHs Mamepiany 6 poO3nadAeIeHOMY CIAHI, WO 0OMEINCULO 11020 PO3MIKAHHS. 3anponoHO8aHUl Memoo 3abe3nequs
3HayHo meHuwty xeunsicmicmv 0,47+0,08 mm i 3HauHe NOKpawjeHHs: CMAOLILHOCMI YMBOPIO8AHOI HEPIBHOMIPHOCHI
NOBEPXOHb.

Hayxosa nogusHna. Bnepuie noxasano, wo XeUisACmicms OOKOBUX NOBEPXOHL NPU AOUMUSHOMY SUPOOHUYMGI Ha
OCHOBI eeKmpPo0y208020 36APIOGAHHS HE 3ANeNHCUMb 6I0 OCHOGHUX MEXHONIOSIMHUX NAPAMEMPIE SUPOULY8AHHS, d
nog’si3ana came 3 NPUpoOoio NPoyecy HAHECeHHs PO3NIAAGIEH020 MEemany 6 ybomy memooi. Pospobrenuii memoo
IMRYIbCHO20 HAHECEHHs MAMEPIany 0bMelCcye Hac nepedy8amnHs Memaiy 6 PO3NIAGIEeHOMY CMAHI, YUM O00CA2AEMbCS
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3MEHUIeHHs XBUNACMOCMI NO8epXoHb Ha eenuyuny 0o 60 % i nokpaweHHsa cmabitbHocmi 2eomempii 8 mpu pasu, 3a

PDAXYHOK 3MeHUeHHs cmanoapmuo2o gioxunerHs 0o 0,08 mm.
Ilpakmuuna yinnicme. Iunyiscrhuii mMemoo GopmMoymeopeHHs RoKpawye nepedbauysamicms 6Upouy8anHol

2eomempii 3a paxyHoK NOKPawjeHHs MOYHOCMI ma sSKOCmi OOKO8UX nogepxonv. Lle 0036015€ 3MeHUUMU GENUYUHY
NpUnycKy Ha 00po6Ky 1 NpuueuOwumu GUpOOHUYME0, a MAKONC CKOpomumu 6i0xoou. B okpemux eunaokax
nepeobauysanicms 2eomempii 00360J151€ 8IOMOBUMUCH 8I0 NOCM-0OPOOKUL.

Kurouoei cnosa: aoumusne supobnuymeo, 3/[-opyk, WAAM, GMAW, erexmpooyeose 36apro8aris, XGUIACMICb,

NOBEPXHI, MENI08HECEHH, ONMUMI3AYId NAPAMEMPIE.
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STRENGTH CALCULATION METHODOLOGY FOR THE
TECHNOLOGICAL CONTAINERS FOR CHEMICAL HEAT TREATMENT
OF WORKPIECES

Purpose. Development of a strength calculation methodology for the special technological containers for chemical
heat treatment of workpieces, which considers the consequences of complex influence of the load and the main
technological factors. Creation of possibility of full-value mathematical modelling of the special technological containers
with complex three-dimensional geometric shape for chemical heat treatment of workpieces using the finite element
method.

Research methods. Mathematical modeling taking into account the hypothesis of linear failure accumulation from
low-cycle fatigue and creep of material.

Results. A strength calculation methodology for the special technological containers for chemical heat treatment of
workpieces has been developed, which considers the consequences of complex influence of the load and the main
technological factors: high-temperature corrosion, interaction with the chemical environment, creep, low-cycle fatigue.
This methodology makes it possible to determine safe operation life of the containers. Load combinations have been
considered. The main features of the design of the technological containers for chemical heat treatment of workpieces
have been considered.

Scientific novelty. It has been considered at calculations of the special technological containers the consequences
Just of the complex influence of the load and the main technological factors which occur during the chemical heat
treatment of workpieces: high-temperature corrosion, interaction with the chemical environment, creep, low-cycle
fatigue.

Practical value. The developed methodology provides the possibility of full-value mathematical modelling of the
special technological containers for chemical heat treatment of workpieces using the finite element method. It opens a
way for multi-criteria optimization of the design of the containers with complex three-dimensional geometric shape with
prospect of reduction of their weight with a certain resource of safe operation. This is one of the main factors of the
practical value of this work because the containers for chemical heat treatment of workpieces are made of expensive heat-
resistant steels. One factor more is the possibility to determine safe operation life and thus satisfy the requirements of
safety engineering.

Key words: container, chemical heat treatment, model, stress, high-temperature corrosion, low-cycle fatigue, creep,
operation, operation life, safety.
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Introduction

Improvement of calculation models of technological
devices is one of the important conditions for ensuring of
their safety. Development of a strength calculation
methodology for the special technological containers for
chemical heat treatment of workpieces is associated with
the important scientific and practical task to ensure the
fulfillment of safety requirements at the heat treatment
bays of the corresponding departments of enterprises.

Review

The Rules for the Design and Safe Operation of
Lifting Cranes [1], in accordance with paragraph 1.2k of
these Rules, are not applicable to special containers, which
includes the containers for chemical heat treatment.

Other regulatory documents related to the ordinary
containers, in particular — [2, 3], also do not contain rules
for design of the containers for chemical heat treatment.

Many literature sources are devoted to consideration
of the separate factors influencing the containers for
chemical heat treatment. In particular, the book [4]
discusses the problems of thermal fatigue for various parts.
The book [5] deals with the strength calculation
methodology under low-cycle mechanical loading. The
book [6] highlights low-cycle fatigue and creep under high
temperature testing. The handbook [7] provides rich data
on fatigue strength calculations, including influence of
high temperatures on metal fatigue. The book [8] describes
influence of cyclically varying temperatures on steel
products. Fatigue of elements under thermomechanical
loading, mainly under thermocycling, is also investigated
in the books [9, 10]. However, anyone of the listed sources
don’t consider simultaneously all the factors influencing
the containers for chemical heat treatment.

Thus, the authors were unable to find in the literature
sources a calculation methodology that allows to consider
simultaneously all the factors influencing the containers for
chemical heat treatment.

Purpose

The purpose of this article is to develop a strength
calculation methodology for the technological containers
for chemical heat treatment of workpieces, which allows to
consider in a complex way the main influencing factors.

Research and its methods

Main influencing factors

The technological containers for chemical heat
treatment of workpieces are subjected to long-term
exposure under high temperature and chemical action, as
well as cyclic loading. Thus, main factors influencing them
are the following:

- high-temperature creep;

- low-cycle fatigue from cyclic action of mechanical
and thermal loads;

- aggressive chemical actions.

Features of container design

The technological containers for chemical heat
treatment as a rule are made of heat-resistant chromium-
nickel austenitic steel, the normative operating temperature
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of which exceeds the maximum working temperature of
heat treatment process, at which this container has to be
used, by at least 50 °C (if the container is intended for
quenching or chemical heat treatment — by at least 100 °C).

The selected steel has to be cyclically stabilizing or
cyclically hardening, taking into account the cyclic
character of container loading. Steels that are cyclically
stabilizing at normal temperatures as a rule are becoming
cyclically hardening at high temperatures, according to [5].
Steels are becoming cyclically soften when the following
condition is satisfied [5]:

00.2
o > 0.6, (1)
where 6, — conventional yield strength, MPa;

oy, — ultimate strength, MPa.

Shape and size of the containers are determined by
the characteristics of the technological process, in
particular, by the type of furnace and workpiece
characteristics. It is preferably to make the container
symmetrical with a removable bottom, and to make all its
elements of the same material. The container must not have
open local cavities or gaps between its elements. An
example of the container design is shown in Fig. 1.

The container design must not have stress
concentrators with a theoretical stress concentration factor
of more than 1.5 (excluding welds). All sharp edges must
be replaced with fillets with radius of at least 5 mm, if the
containers are intended for quenching or chemical heat
treatment.

The most rational is making of the cast containers
because of characteristic features of welding of heat-
resistant austenitic steels and the difficulty of performing
of many fillets using machining. Usage of welding can be
considered reasonable only if usage of casting is
technologically impossible.

Figure 1. Container for chemical heat treatment

It may be provided in the design a possibility of
installation of the bottom on the body through a ring of soft
heat-resistant material, for example — asbestos, to reduce
impact loads.

Grip units for slinging as a rule are made in the form
of trunnions or lugs. Their thickness must be comparable
to the thickness of the base metal of the container body to
reduce thermal stresses.
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Consideration of aggressive chemical effects

Chemical effects on the containers can be divided into
surface (corrosive) and penetrating (associated with
changes in chemical composition and mechanical
properties) [10, 13].

The penetrating effect most of all influences the
plastic properties of the material. It must be considered
when determining the admissible plastic strain.

The corrosive effect can lead to significant thinning
of the metal at the maximum working temperature of heat
treatment process. It is appropriate to consider the
corrosive effect together with the thickness tolerances of
the container elements. These factors can be considered in
the form of an arithmetic sum of quantitative
characteristics [11].

The total tolerance on the thickness dg is determined
by the dependence:

dg = 6,+n,8,193, (2)
where 0; — negative tolerance on the thickness in
accordance with the design documentation and regulatory
documents for purchased products, mm;

n, — number of surfaces exposed to corrosion (two
or one);

8, — the corrosion value of one surface during the
design period, mm;

&3 — the mechanical wear value of the surface, mm.

82 =Vete, (3)
where v, —metal corrosion rate in the working environment
at the maximum working temperature of heat
treatment process, mm/year;
te — design operation life, years.

The mechanical wear value &; can be considered
primarily for a grip units for slinging.

In addition the values of 3, and &5 can be limited by
the maximum values, which are established for diagnosing
an operation life of the container.

The total tolerance on the thickness dg is subtracted
from the nominal metal thicknesses before the strength
calculation (without violating the symmetry of the
elements).

Consideration of high-temperature creep
and low-cycle fatigue

The phenomena of fatigue and of creep have to be
considered at calculation of the containers of heat-resistant
austenitic chromium-nickel steel. The main characteristics
of the creep are the creep strength and the long-term
strength [14]. The process of metal failure is mainly caused
by fatigue phenomenon at low temperatures; the process of
metal failure is mainly determined by creep at high
temperatures [15]. That’s why the character of the fatigue
curve changes at the high temperatures: the fatigue limit
decreases significantly, and the horizontal part of the plot
becomes increasingly inclined to the abscissa axis, forming
a reverse change of the gradient. The fatigue limits are
conditional values equal to the stresses corresponding to a
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certain number of cycles before failure at high
temperatures [7]. That’s why it is necessary to consider
low-cycle fatigue [8].

Long-term static load has a great influence on the
number of cycles to failure at high temperatures [9]. The
fatigue resistance must be considered as the sum of failures
from fatigue and long-term static load in this case [16]. The
linear failure accumulation hypothesis is the most
acceptable at high temperatures [6]. This hypothesis can be
expressed in relative times as follows [16]:

1 1 1
—_—=—f =
tm ts to )
where t,, — time to failure under combined load;
t, — time to failure under long-term static load;

t, — time to fatigue failure under cyclic load.

Obviously, it can be considered for the containers that
the period of loading cycle t, coincides with the duration
of holding under static load. If all components of the
equation (4) will be multiplied by the value t,, it can be
rewritten:

11,1
b ®
where n, — number of cycles before failure under
combined load (cyclic with holding);
n, — number of cycles before failure under long-
term static load;
n, — number of cycles before fatigue failure.

The initial and final sections of the creep curve are
nonlinear under static load. However, the dependence can
be considered linear under long-term load [16]:

[€a]
t= — (6)

where [¢,] — admissible plastic strain;
v, — creep rate at a given temperature and stress.

For practical use, equation (6) must be improved:

[a]

n =
S H s
Snc” Snc” tp* Ve

(7
where s, — safety factor for consideration of the nonlinear
sections of the creep curve;
spc — safety factor for consideration of v, and [g,]
value deviations.

The maximum stresses 6., and the operating
temperature of the cycle can be considered as the same for
the loading and holding stages at operation. These values
have to be used at determination of the creep rate.

The value v, is determined from reference literature.
Its dimensions must be correlated with the dimensions of
other parameters in equation (6). The values of safety
factors may be taken sj.=2, s,.=2.5, according to the data
of [16] and [6].

The obtained ng value must be compared with the
number of cycles before failure n; according to the base
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time t; for long-term strength determination, which is used
in admissible stress determination:

N ®)

The following condition must be satisfied in this case:

ng< ng. )
If condition (9) is not satisfied, then ny=n; must be
accepted.
Model of plastic strain accumulation at low-cycle
fatigue is based on the Manson-Coffin equation [5]:

Sp : nICn:[sa]’

(10)
where g, — plastic strain;
m — power factor (empirical).

The equation (10) is transformed into the following
dependence [5] after transfer to conditional stresses and
consideration of the elastic component of strain and cycle
asymmetry:

__Ela] | kiro
2.nm+0.5-k, 14k, k.’
where o, — cyclic stress amplitude, MPa;

E — Young’s modulus, MPa;

oy, — ultimate strength, MPa;

s — safety factor by stress;

k, — factor considering cycle asymmetry;

k_; — material constant.

S5 O

an

The second component
corresponds to elastic strain.

in the equation (11)
The constant k ; is determined by the dependence [5]:

G.q
k_] =
Gp

(12)

where o_; — conditional fatigue limit, MPa.

The factor considering
determined by the formula [5]:
14

T l—r’

cycle asymmetry is

13)
where r — cycle ratio.

Dependence (11) considering (12), (13) is taken as the
basis for further calculations.

The loading cycle can be considered pulsating
(Omin=0) if the container weight is relatively small. The
pulsating cycle is characterized by values 6,= 6, /2, 1=0.
In this case factor considering cycle asymmetry k,=1.

In this case, equation (11) can be converted to the
following form:

2‘ k-l' Oy (14)
1+k_1

It is more convenient to rewrite equation (14) in the
following form to determine the number of cycles before
fatigue failure n,:

_ E- [g,]

S6"Omax =

ng'
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nm — E- [g,]
c 2:k_y-op °
So" Omax ™"y

(15)

The safety factor is taken s,=2 according to [5], [6].
The values of E, oy, k; are determined at operating
temperature of the cycle [5]. It must be used the value
k.;=0.4 according to [5]; this value can be decreased if
reliable data are available. It can be used the value m=0.5
according to [5].

The number of cycles before fatigue failure n, must
be not more than the base number of cycles n,=10000. It
must be used the value n.=ny, if n, is more than ny,, or if the
right part of equation (15) is negative or equal to infinity.

Consideration of load combinations

It is reasonable to consider two load combinations in
the calculations as a rule: holding of the container with the
nominal load in a furnace at the maximum operating
temperature of heat treatment, and removing the container
with the nominal load from a furnace. The finite element
method can be used to determine the design stresses.

The admissible stresses are determined for each of the
materials from which the container elements are made. The
basic mechanical properties of the materials are determined
for the temperature of correspondent load combination.

The basic mechanical properties are the ultimate
strength oy, and the long-term strength o(t;) at the base time
t;. The Young’s modulus E and the percentage reduction of
area y are determined at the same time at the given
temperature for further usage in calculations. Material
characteristics for welds can be determined using
correction factors.

The admissible stress [c] for each material is
determined as the minimum of the following values [11]:

[6] = min {2 22} (16)

where s, = 2.6 — safety factor for ultimate strength;
s, = 1.5 — safety factor for long-term strength [11].

Zones of maximal stress have to be determined at
each calculation performed for loading variants during
stress analysis. The maximal stresses have not exceed the
correspondent allowable stresses (considering used
materials). The stress in the container and its components
in the calculation is taken as 6,,,y, if the ratio 6,,,,/[c] will
be the greatest considering materials.

The determination of the admissible plastic strain
[€a], which is used in prediction of the operation life of the
container, is carried out using the percentage reduction of
area y for the temperature of the loading variant under
calculation.

The value [g,] is calculated according to the
dependence [5]:

1

1
[ga] _E : ln 1_wp3

where v, - design percentage reduction of area.

amn
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The value of v, is determined by the dependence:

(18)

v =—

P osyi-syo
where s, s, —correction factors.
The plastic properties of steels deteriorate during
prolonged operation at high temperatures [11], [17]. s,,,=1 is
accepted if the percentage reduction of area v is determined
taking into account long-term (at least t;) thermal exposure (at
the temperature of the loading variant under calculation);
sy1=3 is accepted in the absence of such data.

Long-term usage of the containers during chemical
heat treatment leads to change in the chemical composition
of their surface layers and, first of all, to change in their
plastic properties (penetrating effect) [17], [18]. s,,=1 is
accepted if the container is not intended to operate under
the influence of penetrating chemical medium. s,,=2.5 is
accepted if the container can be used for carburizing or
nitrocarburizing, because it can cause carburization of the
container surface. s,,=1.2 is accepted if the container is
intended for nitriding.

Results

Calculation of the number of cycles to failure n,, is
performed separately for each loading variant using
correspondent values of t,, oy, E, t;, 6. and [g,].
Calculations are carried out using dependencies: (5), (7),
(8, (9), (15).

Complex physical and chemical processes occur in
the metal, in particular, large and rapidly changing thermal
stresses, which at the first stage are partially compensated
by the stresses of phase transformations, if the container is
used for quenching [18]. Value n, in equation (5) should
be substituted by the value n; for containers intended for
quenching, because cyclic quenching does not have a
significant effect on creep processes under long-term static
loading. It has to be determined by the relation [18]:

i ng
n,=2 (19)

Sc

where s,;=12 — correction factor.
Discussion

If 6,,,« action areas for two loading variants are the
same, then the numbers of cycles to failure n,,; and n,,
obtained for them are combined using the formula:

11 1
—=—t— 20
Nym  Oml Om2 ( )
The smallest value n" has to be selected among the
obtained numbers of cycles to failure n,, which
corresponds to the estimated operation life of the container.

Conclusions

Thus, the above-described strength calculation
methodology for the technological containers for chemical
heat treatment of workpieces allows to consider complex
of the main factors influencing it. The authors plan to
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improve the consideration of quenching in calculations, as
well as to develop an operation life diagnostic
methodology for the technological containers for chemical
heat treatment of workpieces in the future.
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Omnumenko P. B.

Mema. Po3pobka memoOouxu po3paxyHKy MIiYyHOCMI CheyianbHOi MmexHOI02iYHOI mapu O XiMIKO-mepMIiuHOT
00pobKu Oemaneu, AKA BPAX0BVE HACINIOKU KOMNJIEKCHO20 6NAUBY HABAHMANCEHHS MA 20108HUX MEXHONOSTUHUX
Gaxmopie. CmeopenHs MONCIUBOCTE NOBHOYIHHO20 MAMEMAMUYHO20 MOOETIO8AHHS CREYIANbHOT MexXHOI02TuHol mapu
onA XimMiKo-mepmiyHoi 06pobKu Oemanel, KA MA€E CKIAOHY NPOCMOPOSY 2e0MEeMpPUuyHy opmy, i3 3aCmocy8anHAM
Memo9dy CKIHUEeHUX eleMeHmis.

Memoou oOocnioxcennsn. Mamemamuune MOOENOBAHHSA 3 YPAXYBAHHAM 2inomesu JIHIUHO20 NIOCYMOBYEAHHS.
VUIKOOJICEHb MAMEPIATY 80 MALOYUKIOBOI 6MOMU MA NOE3YHOCTI.

Ompumani pezynomamu. Pospobrena memoouxa po3paxyHky MiyHocmi cneyianoHol mexHono2iunoi mapu 0iist
Ximiko-mepmiunoi 00pobKu Oemanetl, KA 8PAXOBYE HACHIOKU KOMNJIEKCHO20 6NAUBY HABAHMANCEHHS MA 20J08HUX
MEXHONO2IYHUX (DAKMOPIB: BUCOKOMEMNEPAMYPHOI KOpo3il, 63aeMo0ii 3 XIMIMHUM cepedosuwem, Noe3y4ocnii,
MAnoyuxnosoi emomu. Ll memoouxa oae ModiCIuBIicms GU3HAUeHHs pecypcy besneunoi excnayamayii mapu. Bpaxosano
Kombinayii nasanmaosicens. Posensnymo ocnosHi 0ocobnueocmi KoHcmpyKyii mexHoI02iYHol mapu OJist XiMIKO-MmepMidHOT
00pobKu demaretl.

Haykoea nosusna. Bpaxysanus npu po3paxyHky cneyiaibHoi mexHoI02iuHol mapu HACIIOKI8 came KOMIIEeKCHO20
BNAUBY HABAHMAIICEHHS MA 20J06HUX MEXHONOZIYHUX (DaKmopis, wo SUHUKAIOMb NpU XIMiKO-mepmiuniil obpodyi
demaieil. 8UCOKOmMeMNnepamypHoi Kopo3ii, 63aeMo0il 3 XIMIYHUM cepedosulem, No83y4ocmi, MAaroYuKI080i 6MoMu.

IIpaxmuuna yinnicme. Po3pobrena memoouka Hadae MONCIUBICTG NOBHOYIHHO20 MAMEMAMUYHO20 MOOEH08AHHS
cneyianbHoi mexHono2iunoi mapu Ons XiMIKO-mepmMiuHoi 00pobKu Oemanel i3 3ACMOCYBAHHAM MemoOy CKIiHYEHUX
enemenmig. Lle 8i0uuHsE winAxX 00 bazamokpumepianbHoi OnMUMizayii KOHCMPYKYIl mapu, AKa MAae CK1aoHy RPOCMoposy
2eomempuyty opmy, 3 nepcnekmugor 3MeHueHHs ii Macu npu nesHomy pecypci besneunoi excnayamayii. OcKinoku
mapy 0as Ximiko-mepmiunoi 06pobKu Oemaneil 8U2OMOBIAIOMb 3 KOUWMOBHUX HCAPOCMILIKUX cmanell, ye € OOHUM 3
207108HUX (PaKkmopie npakmuyHoi yinHocmi po3pobku. IHuumM akmopom € MoHCIUBICMb BUSHAUUMU pecypC be3neyHoi
excnayamayii ma maxkum YUHOM 3a008IIbHUMU UMO2U TMEXHIKU Oe3neKu.

Kniouosi cnosa: mapa, ximiko-mepmiuna obpobra, Mooenb, HANPYICEHHS, BUCOKOMEMNEPAMYPHA KOPO3isi,
MAnoOYUKI08A 6MOMA, NOB3YUICMb, eKCRIYAMAayis, pecypc, be3nexa.
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OIITHKA KOPO3IMHO-MEXAHIYHUX B.JIACTI/IBOCTEﬁ MATEPIAJIIB
TA IPOI'HO3YBAHHA BE3IIEKHU IETAJIEU I'A30OBUX TYPBIH

Mema pobomu. Busnauenns MONCIUBOCMI 3ACMOCYBAHHA MEMNEPAMypPHO-4ACOBUX NAPAMEMPULHUX 3ATIEHCHOC-
meil Minnepa-Jlapcona, Mencona-Xaghepoa, Lllepbi-/{opna 0na mpueanozo npocHo3y8aHH XapaKmepucmux MiyHocmi
Oemannetl, Wo 3a3HAIOMb OKUCTIOBANLHOO | BUCOKOEMNEPATYPHO0 CYIbHIOHO-OKUCTIOBANLHO0 BNIUEY.

Memoou oocnidycenns. JJocniodxcenns mpueanoi miynocmi nposodunu Ha 3paskax i3 cnaagy BXKJI-12YV ma
3MI-3Y 6 cunmemuuniii 301i (66,2 % Na>SOy, 20,4 % Fe;03, 8,3 % NiO, 3,3% CaO, 1,8 % V>0s) ma okucnomy cepedo-
euwyi npu memnepamypi 800 °C, 850 °C. J{na npoeno3y medci Miynocmi mamepianieé 8 OKUCHOMY mMa KOPO3IliHOM) cepe-
0osuwji 6110 3aCMOCOBAHO MeMNEPamypHo-4acosi hapamempuuni 3anexcnocmi Minnepa-Jlapcona, Mencona-Xagepoa,
Llep6i-/lopra. Mixpocmpykmypy 3paskie 00CHioxNCy8anu 3 GUKOPUCMAHHAM Onmuuno2o mikpockony MIM-8M

Ompumani pesynomamu. Ompumani pe3yiomamu ceiouams HPo GUCOKULL PI6eHb KOPOZIUHOL CMIIKOCMI 3DA3Ki6
mapku 3MI-3Y npu memnepamypi 800 °C, 850 °C ma mosicrusicms po3paxyHKO8UM MemoOOM GU3HAYUMU SPAHUYIO Mil-
nocmi mamepiany na mepmin 1000, 5000 ma 10000200un.

Ilposedeni unpobyeanns 3paskie cnaagy BXKJ/I-12Y 6 cunmemuuniil 3011 noxasaau po3oigcHicms ekchepumenma-
JILHO20 Yacy 00 PYUHY8aAHHs 3PA3KIE | PO3PAXYHKOB020 3HAUEHHS HE3ANEAHCHO 8I0 NAPAMEMPUYHO20 MeMOOY, WO BKA3VE
Ha Oe3nocepedHIo 3a1edHCHICMb MPUBAIOL MIYHOCMI 80 CMyNeHs KOPO3IUHOI NOUWKOOXHCY8AHOCIIT NOBEPXHI 3DA3KIS.

Haykosa noeusna. I1iomeeposicena Mojicaugicmes 3acmocy8ants memMnepamypHo-4aco8ux napamempuyHux 3aie-
arcnocmett Minnepa-Jlapcona, Mencona-Xagepoa, Illepoi-IJopra ona mpugano2o npoeHo3y8anHs XApaKmepucmuxk miy-
Hocmi Oemaiell 8 OKUCTIOBANLHOMY cepedosuwyi. B ymosax cyno@iono-okuchoz2o cepedosuya 3acmocy8anHs napamen-
PUYHUX MemOo0i8 Ol 8UHAYEHHA Xapakmepucmuk miynocmi na mepmin 0o 10000 2o0un modwcauge nuute 01 KOpo3iti-
HOCMIUKUX cniagis. Inmencusne Kopositine noutkodxcenns cniagy BIKJI12-Y npuzeooums 0o npuckoperoi oegpopmayii,
006MedHCYE 3aCTNOCY8AHHA MEMNEPAMYPHO-YACOBUX 3ATNEHCHOCHEN O eeKMUSHO20 NPOSHO3YBAHHA HACY PYUHYE8AHHS
Odemaueil i3 0aH020 Mamepiany.

Ipakmuuna yinnicme. Buznauenns 00CmogipHo2o Memooy npocHo3y8anHs Xapakmepucmuxk MiyHoCmi Jcapomiy-
HUX CNAGi6 8 OKUCHOMY Md KOPO3IUHOMY cepedosuyi 003605€ 3HUBUMU YACOGI | (DIHAHCOBI gumpamu Ha NPoeedeHHs
MPUBATUX HAMYPHUX OOCALIONCEHD.

Kniouogi cnosa: scapomiyni cnnasu, memnepamypno-4acosi 3a1eicHochmi, OKUCHe cepedosuiye, CynoQiono-oKucHa
KOpO3isl, NPOZHO3YEAHHSL.
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Beryn

I'muboka exKOHOMiYHA KpH3a, IO CHOCTEPIraeThCs
OCTaHHIM 4acoM He TUIbKM B YKpaiHi, aie i B iHIIKX Kpai-
Hax CBITY, CTaia IIPUYUHOIO KOPCTKOI EKOHOMIT Maiike y
BCIX HaNpsMKax pO3BHTKY BUPOOHHMITBA. B pisHnX ramy-
351X MPOMHCIIOBOCT] TPUBA€ aKTUBHMH MOIIYK MEXaHI3MIB
3MEHIIICHHS cO0iBapTOCTI MPOAYKIii. B meskux ramy3sax me
JIOCSITA€ThCS 33 PaXyHOK CKOPOYECHHSI HOMEHKIIATYPH IIPO-
IOyKIii, 0 BUITyCKA€THCS, B iHIINX-BUHUKAE 1/1es1 eKOHO-
Mii Ha yMOBax Ipai poOiTHHKIB, IX piBHS KBaTi(ikarmiiHo1
MiATOTOBKH, HA CKOPOYEHHI 3aX0/IiB 110 MpodiIakTHIli Tpa-
BMaTU3MY Ta OXOPOHI 3/10pOB’SI IIPAIIOIOUHX.

Haii0inpm ckitajHa CUTyallist, OCTAaHHIM 4acoM, Ma€
Miclle B ra30TpaHCIOPTHIH Ta razonepekavyBajbHil cuc-
Temax Hamioi jaepxaBu. Lle MoB’s3aHO HE TUIBKH 3 yMO-
BaMH eKCILTyaTtallii Ha3eMHHUX ra3oTypOiHHUX YCTaHOBOK,
a 1 3HAYHUM TEPMIHOM iX poOOTH (3 KiHI MHHYJIOTO CTO-
nitTs). Tomy, mutanss 3a0e3nedeHHs 0e3MeKH, MPOTHO3Y-
BaHHS PeCypCy OCHOBHUX JeTajleil Ta 30UIbIIICHAS TEPMiHy
Oe3aBapiitHOi poOOTH 00aTHAHHS CTa€ BCEe OUTBII aKTya-
JBHAM.

AHaJi3 gocaixkens Ta myoaikamii

Besneka razoTypOiHHOTO IBUTYHA 6araTto B 4OMY BH-
3HAYAETHCS JAOBIOBIYHICTIO 1 HAAIHHICTIO poOOYHX JIOMa-
TOK TIEPLIOTO CTYIIEHS, IO MPALIOIOTh B YMOBaX BUCOKHX
TEeMIIepaTyp, CTaTHYHKX 1 JMHAMIYHUX HaBaHTAXKEHb, Iif
arpecUBHUM BIUIMBOM NPOAYKTIB 3ropaHHs NajuBa (rasy),
110 MICTUTH CIpKY, HATpid, XJI0p 1 iHmi gominiku. OcTaHH],
IIpY TeMIieparypax excrutyatanii nonan 800 °C, cnpusitots
IHTEHCHBHMM NpoLleCaM BHCOKOTEMIIEpaTypHOi KOpo3ii,
[0 BUMarae OijIbIIl YacTol 3aMiHu JonaTok [ 1-3].

Sk cBimuath gocmimpkeHHs [4], B Iporieci ekcIuryara-
ii poOOYHX JIOTIATOK BiOYBAETHCS MOCTIHHUA KOMOIHO-
BaHUH BIUIMB PO3TATYIOUYUX (BIAIEHTPOBUX CHIT), JHHAMI-
YHHUX Ta CTaTUYHUX BiOpariitanx HaBaHTaXeHb. CyMmapHi
(exBiBaJICHTHI ) HABAaHTAXXCHHS B JIoNIaTKax 1-i cTymeHi cTa-
HOBIATH Omu3pko 120 MIIa. Kpim toro, mo BHCOTI Tipo-
G0 poOOUOT JTONATKM HABAHTAXKEHHSI TAKOXK PO3MO/ALIS-
I0ThCSI HEPIBHOMIPHO 3 MaKCUMAaJbHUMH €KBIBaJICHTHUMHU
3HAYCHHSAM B CEPEIHbOMY IEPETHHI, 0 BUCOTI Ta mepe-
THUHY Ma€ MicCIle TPaJli€HT TeMIIepaTyp.

Taki yMOBM ekcIuTyaTanii BU3Ha4aroTh KOMILIEKC BU-
MOT JI0 MaTepiatiB, 0 MPU3HAYEHI JJIsi BATOTOBJIEHHS JIO-
naTok ra3oTyp6OinHux ycraHoBok (I'TY). Heobxinnumu €
BHCOKI XapaKTEpPUCTHKN KOPOTKOYACHOI Ta TPUBAJIOl Mill-
HOCTI, IJTACTHYHOCTI, BTOMH Ta TEPMIYHOI BTOMH, KOPO-
31ifHOT CTIHKOCTI, CTabIIPHOCTI CTPYKTYpH Ta BIACTHBOC-
Tell BIPOMOBXK BCHOTO TepMiHy pobotu. ExoHOMIUHO 00-
I'PYHTOBAHOIO € BHUMOTa JI0 MOXJIMBOCTI 0araTOKpaTHOro
BiTHOBJICHHSI CTPYKTYpH Ta BIacTUBOCTEH [3].

3a3HayeHUM BUMOT'aM BiIIIOBIJAIOTH CIUIABH Ha HiKe-
JIeBii OCHOBI JIBOX THIIIB JIETYBaHH: MEPIINii - TAKKH, 1110
Mae BMicT Xxpomy 10 10 % mipu Bignomenni Ti/Al <1; npy-
Ui — 3 OUTBIIMM 3Ha4YeHHsIM xpoMy (12—14 %) Ta BigHO-
LICHHSM THTaHY JI0 aJIFOMIHIF0 OUTbIIEe OMUHUII. [5]

Jlo mepmoi TpynM HaJeXHTh CIUIAaB  MapKH
BXIJI-12VY (Cr—8-10 %, Co—9,2 %, Mo —3 %, W — 1,4%,
Ti—4,4 %, Al-5,3 %). 3aBasku MiABHIICHOMY BMICTY

Bonb(pamy 1 monioaeny, BXKJI-12Y mae Bucoki xapakre-
PHCTHKH apOMIIHOCTI 1 HUKJITYHOT XKaPOCTIHKOCTI, ane y
CepelOBHILII 3rOPSHHSI HU3bKOCOPTHHX MaJIKB, IO MICTSTh
cipky 1 BaHaiiif, CXWIBHUHA 10 KOPO3IHHOTO IIOIIKO-
JokeHHs. Jlo npyroi rpynu HanexaTh cruiaBu IN-738,
3MI-3, 3MI-3V, mo mictats xpomy 12—14 % Ta cmiBBia-
HomreHHs Ti/Al > 1, MaloTh BUCOKY KOpO3iliHY CTiHKIiCTBh
Ta OLITBII HU3BKUI piBEHBb MIITHOCTI IIPU TEMITEpaTypax mo-
Hag 800 °C [6]. CrmaBu Ha HiKEJIEBii OCHOBI MalOTh BH-
COKY cO0iBapTiCTh, a BUTOTOBIICHI 13 HUX JeTali- OOMexKe-
HUH TepMiH poOOTH.

Tomy, akTyallbHUM € MUTAaHHSA BU3HAUYEHHS MaKCHMa-
JIBHOTO 6e3aBapiiiHoTO pecypcy poOoUuX JOMaToK Ha cTa-
Iil MPOEKTYBaHHSA Ta IX BUTOTOBIEHHS. ONITHMabHUH BU-
0ip mMarepiaiy IS BATOTOBJICHHS JeTalel ra30BUX TypOiH
Ha3eMHHUX YCTaHOBOK BHMAara€ 3Ha4yHUX 00 €MIB IOCIIi-
JUKeHb, OCOOJIMBO B yMOBax, IO IMITYHOTh EKCILTyaTa-
uiitHi. HaliGinbir KOpEeKTHUMH € Pe3yJIbTaTH CTEHIOBUX
JIOCIHi/KeHb. BOHM 1al0Th MOXIIMBICTH HpOaHali3yBaTH
KOMIUIEKCHHUI BIUIMB €KCIUTyaTalliiHUX, KOHCTPYKTHBHUX
Ta TEXHOJIOTTYHMX (PAKTOPiB HA HAJIIHICTH Ta pecypc Ma-
Tepiay. Are Taki TOCTIPKEHHS TPUBAJL 32 TEPMIHOM Ta
BUMararoTh CyTTEBHX MaTepiaJbHUX 3aTpaT Ha iX IpoBe-
JIEHHS, IO POOWTH 3a3HAYCHMH IMiIXiJ Maibke HEMOKITH-
BUM B CYyJaCHHX YMOBaxX. AKTYQJIbHIM € BU3HAYCHHS MO-
JKJIMBOCTI 3aCTOCYBaHHS €KCIIEPUMEHTAIbHO-PO3PaxyHKO-
BUX METO/IIB JIsl IPOTHO3YBaHHS MaKCHMAIIbHOTO PECYpCy
eKCIUTyaTallii geraieii ra3o0Bux TypOiH.

Merta pobotu

BuzHaueHHs MOXIIMBOCTI 3aCTOCYBaHHS TEMITEPaTy-
PHO-4acOBHX MapaMeTpUYHUX 3ajiexHocTeil Mimnepa-
Jlapcona, Mencona-Xadepna, Llep6i-lopHa mist TpuBa-
JIOTO TIPOTHO3YBAaHHS XapaKTEPUCTHK MIIHOCTI JeTaei,
1110 3a3HAIOTh OKHUCITIOBAIBHOTO i BUCOKOTEMIIEPATYPHOTO
CYJb(iTHO-OKUCIIOBAIEHOTO BILIHBY.

Marepian i MeToaMKAa 10CTITKEHD

[NapaMeTpuuHi TeMIepaTypHO-4acoOBI 3aJICKHOCTI
IIMPOKO 3aCTOCOBYIOTHCS HA MPAKTUIIl B iIHKEHEPHUX PO3-
paxyHKax BHACJiJJOK LIUIOro psny nepesar. Bonn Harms-
JTH1, JIOBOJIi ITPOCTI, TAIOTh MOXJIMBICTh 3 IPUHHITHOIO J0-
CTOBIPHICTIO IIBUIKO PO3paxyBaTH IPAHUIIIO MIITHOCTi 200
yac 70 pyHHYBaHHS IIpH Pi3HUX TeMIepaTypax. X BUKO-
PHCTaHHS IPYHTY€EThCS Ha YMOBI, III0 TEMIIEpaTypa i Jac €
B3a€MHO KOMITCHCYIOUNMH (PaKTOpaMH B Pi3HUX MpoIiecax
BHUCOKOTeMIIepaTypHOi nedopmanii Matepiami. [lpu
OLITBII BUCOKHX TEMITEpaTypax CTPYKTYpHI 3MiHU B Mare-
piaji BiIOyBarOThCS IHTEHCUBHILIE 1, OTXKE, METaN PYHHY-
€TBCS 33 KOPOTILHUI yac, HK 32 MEHIIKMX PiBHIB TeMIepa-
Typ. Lle 1a€ MOKIIMBICTH MPOTrHO3yBaTH HMOBIpHHI Yac 10
pYHHYBaHHS Marepiany IpH HIKYUX TemIeparypax abo
IIPU CyTTEBO MEHIIMX Hampyrax HDK JUIOTh Ha 3pa3oK
[7-10].

Mimnep i Jlapcon, llep6i i Jopr, Mencon, Xadepn
TIPUITY CTHIIH, 1[0 HACTIAKOM (i3M4HOI TONIOHOCTI BHYTPI-
ITHIX 3MiH, 10 IPOTIKAIOTh Y MaTepiai il yac TPUBAIOTO
BHCOKOTEMIIEPAaTYPHOTO HABAaHTa)KCHHS, € T€OMETPHUYHA
MOMIOHICTE JiarpaM TpUBasoi MIHOCTi. Y CBOiX poOoTax
BOHH NPEJICTABWIN PE3YJIbTATH BUIPOOYBaHb HA TPUBAITY
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MIIHICTh y BT 3QJIC)KHOCTI JIOTapu(Ma HAIPYTH Bix
TeMIepaTypHO-4aCOBUX HapaMeTpiB. MOXINBICTD Npen-
CTaBJICHHS XapaKTEPUCTHK >KapOMIITHOCTI 32 JOTIOMOTOIO
dbopMyI 1 y BUMIISIII €IMHOT JUTSL BCIX TeMIepaTyp KpHUBOT
TPUBAJIOT MIIIHOCTI € O/IHIEIO 3 OCHOBHUX IEpEBar IUX Me-
TOJIIB. 3aCTOCYBaHHS €TUHOT 3aJICKHOCTI JJa€ 3MOTY po3pa-
XyBaTu TPaHUYHI HaNpYKEeHHs a0 Yac 0 pyHHYBaHHS 3a
Oy1b-5sIKOT TeMITEpaTypH, 110 JISKUTD B iIHTEpBaIi eKCIIepH-
MEHTAIBHUX ((iKCOBAHMX) TEMIIEPATYP, 10 OCOOIMNBO Ba-
XKIJIMBO MIiJl 4ac PO3paxyHKy Hecydoi 37aTHOCTI JIONIATOK
TypOiH.
[MTapamertp Jlapcona-Misrepa [8]:

P=T-10"2 - (C + log1), (1)

Jie T — 4ac JI0 pyWHYBaHHS, TO/I;

T — remnepaTypa B rpanycax KensBina,

C — nocriiiHa marepiainy, sky Jlapcon i Miuip BBa-
JKaJTd YHIBEPCAIbHOI0, OJHAKOBOIO JJIs BCIX MaTepiaiiB i
nopisaioe 20 [8]. OnHak, 1151 BeJIMYHHA HE € ONTUMAILHOIO
JUIA BCiX MaTepialiB, MOXE MaTH OITBIN YH MEHII 3Ha-
YEeHHS B 3aJI€XKHOCTI BiJl KOMIIO3HUIII] )KapOMIILIHHUX CIIJIaBiB.

[MapameTp lep6i-dopHa [9]:

- -
. P=logt e (2)
ne R —razosa nocriiina, [ / (Moib - K);

Q — eHeprig akTUBaIii MOB3y40CTi, K/ / MOJIB.

[MapameTp Mencona-Xadepna [10]:

logt—logt,
T-T,

P=- ) (€)

ne T, T, nocriiimi.

Juist nocnijmkeHs 00paHi CTaHAapTHI 3pa3ku (AiameTp
po0oUO0T YacTHHU 5 MM, IOBXKHHA 25 MM) CIUIaBiB MapKu
BXJI-12Y, 3MI-3Y. BunpoOyBaHHsI NPOBOJMIN Ha Ma-
muHax tay AIMA-5-2 nmisixoM OHOBICHOTO PO3TATY-
BaHHA  3pa3KiB IpU  TOCTIHHOMY  HaBaHTaKCHHI
(c = 200-500 MIIa). Temmeparypa BUIpPOOyBaHb —
800 °C, 850 °C. [ns cynb(digHO-OKHCHOTO BILUTUBY BHKO-
PHUCTOBYBaJlM CHHTETUYHY 307y: 66,2 % NaySOs, 20,4 %
Fe;03, 8,3 % NiO, 3,3 % CaO, 1,8 % V,0s,

JlocimimKeHHsT TIOBEpXHEBOTO Iapy i MIKpOCTPYK-
TYpH 3pa3KiB MPOBOAWIIH NIPH Pi3HUX 30UIBIICHHAX HA CBi-
TI0BOMY Mikpockorm MIM-8M.

Pe3yabTaTh 10caixkeHb

[MopiBHSIHHS pe3yJIbTaTiB MPOBEACHUX AOCIIIKEHb 1
PO3paxyHKy TeMIIepaTypHO-4aCOBUX MapaMeTpiB CBil-
YHTh, [0 Y3TO/PKEHHS PEe3YJIbTaTiB eKCIIEPUMEHTAIbHOTO
BU3HAYCHHS TPUBAJIOT MIIIHOCTI Ta PO3PaXyHKOBOT'O CIIO-
CTEPIraeThCs TIMBKH ISl CIUIABIB, 10 3a3HAIOTH OKHCHOTO
BIUTMBY. Bci mapamerpuyHi 3a1€KHOCTI MOXKHA PEKOMEH-
JyBaTH Uil €(pEeKTHBHOTO 3aCTOCOBYBATH B IHXKEHEPHHUX
po3paxyHKax Ta NMPOTHO3yBaHHs BJIACTUBOCTEH CILIABIB
3MI-3Y, BXKJI-12V.

JIoCTOBIpHICTD pPe3ybTaTiB EKCTPANOJIIii MaTepia-
JiB B YMOBaX CYJb(]iIHO-OKHCHOI KOPO3ii 3aJIe)KUTh Ha-
camIiepe]t BiJl KOpO3iiHOi cTilikocTi cruaBiB. Hampukman,

nociimkerns ciuasy 3MI-3V nokasanm, 1mo npu Temre-
patypi 800 °C i 6a3i 5000 roauH BiAMIiHHICTH MEX TpUBa-
JI01 MIIHOCTI BiJl BU3HAYEHUX 32 IIapaMeTpaMu CTAaHOBHUTH
He Oinbine 5 %, a ipu 850 °C — 1o 15 %.

[IpoBeneni  BumpoOyBaHHS  3pa3KiB  CIUIaBY
BXKJI-12Y B cuHTeTHYHIHN 3011 TOKa3aIH po30iKHICTE eKC-
MEPUMEHTAIBHOTO Yacy IO PYyHHYBaHHA 3pa3KiB 1 po3pa-
XYHKOBOT'O 3HAUSHHS HE3aJISKHO BiJl TAPaMETPUIHOTO Me-
tony. Hampukiaz, mij BIJIMBOM arpecHBHOTO CEPEI0BHILA
ta HaBaHTaxeHHs 300MIIA 3pa3ok Oymno 3pyifHOBaHO Ue-
pe3 740 roqun (puc.l), a BIAMOBIAHO pO3paxyHKaM 3a Ia-
pametpom Jlapcona-Mimiepa — Mexa TPUBAJIOi MII[HOCTI
Juisl 3a3HaueHoro yacy — 160MI1a, 3a mapamerpom Illep6i-
Jopna — 400MITa, Mencona-Xadepna — 420 MITa.

Pucynok 1. 3oBHimHIi BUTISA 3pa3kiB i3 craBy BXKJI-12Y
TiCIIsL BUIPOOYBaHb B CHHTETUYHIH 30111, 4ac 0 pyWHYBaHHS
740 ronun

[epeBuiieHHsT pO3paxyHKOBUX pe3yibTariB (Ha 35—
40 %) Takox OyJ0 BiIMIYECHO 1 B €KCIIEPUMEHTAaX IPH Te-
mneparypi 850 °C Ta 6a3i BunpoOysanb 500 roxun. ITin
BIUIMBOM CHHTETHYHOI 30J7M Ta HaBaHTakeHHS 160MIIA
3pazok Mapku BXXJI-12V Gyio 3pyitHoBano yepes 1420 ro-
nuH (puc. 2). BignosigHo po3paxyHkis 3a Mmetogom Hlep6i
—JlopHa 4yac 10 Horo pyiHyBaHHS IOBUHEH OYB CTAHOBUTH
npubmmzao 4000 romuH, a 3a metoxom Jlapcona-Mimrepa
BUKOHATH PO3pPaxyHOK B3araji 0yJi0 HEMO>KIINBO.

PucyHok 2. 3oBHimHii BUTIsL 3pa3kiB i3 crutaBy BXKJI-12V
micyst BUpoOyBaHb B CHHTETHYHIHN 3011, 4ac 10 pyHHyBaHHS
1420 roguua

Husbka 10CTOBIPHICTH pe3yJbTaTiB EKCTPAoJIsil
i crutasy BJKJI12-Y B arpecuBHOMY cepelloBHIN
NIOB’sI3aHa 3 THM, II0 IPUTAMaHHUI TeMIepaTypHO-4aco-
BUM METOJIaM NPUHIIMI TOAIOHOCTI MPOIIECiB, MO BiI0y-
BAIOTHCS MIPU BHCOKOTEMIIEPATYypPHOMY HAaBaHTa)KCHHI Ha
KOPOTKill 1 TpuBaiii yacosiif 6a3ax [8—10], He BpaxoBye
(hakTop KOpO3ii.

MiKpoCTpyKTypa IIOBEPXHEBOTO CIIOIO 3Pa3KiB MAapKH
BIXKJI-12V ta 3MI-3V naBenena Ha pucyHkax 3,4. Ha 3pa-
3Ky cmwaBy BXXJI-12V (tpuBamicte mocmimy 740 romun)
BiZIMIY€HO YTBOPEHHsSI 3HAYHOI KiJIBKOCTI JPIOHUX BKJIIO-
4YeHb, 10 10 MOpQOJIOTii BINOBIAAIOTH OKCUCYIIb(Digam
(puc. 3a) B yMmoBax 30iiblleHHS] TEpMiHY BIUIMBY CHHTE-
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TraHO1 3001 10 1400 ToanH BigMi4aeThCcs MiKKPUCTAIIT-
HUH XapakTep pyiiHyBaHHA (puc. 36). 3HIDKEHHS MEX TPH-
Bauioi minHocTi criaBy BXKJI-12V y 3omi Tum Oisblie, yum
OiTpIIONI0 € TIMOMHA KOPO3ifHOTO YIIKOHKEHHS, a 3MEH-
HIeHHA po00Yoro nepepisy 3paska, MpU3BOIUTH 10 TPUC-
kopeHoi nedopmarii 1 3MilaHoro (BHYTpIiIIHO3EPHUC-
TOTO 1 MDK3EPHUCTOr0) MEXaHi3My pyHHYBaHHSI.

Pucynox 3. MikpocTpyKTypa HOBEpXHEBOTO CIIO0 3pa3KiB i3
cruaBy BXJI-12V : a —gac no pyiinyBanus 740 rogus;
6 — yac 10 pyiHyBaHHa 1420 roaus

Ha Bigminy Binm skapominHoro cruiaBy BXKJI-12V,
crutaB 3MI-3Y mae BUCOKHIA piBEHh KOPO3iHHOI CTIHKOCTI
(puc.4). B yMoBax arpecuBHOTO BIUIMBY CEPEIOBHUINA TIIH-
OmHa KOPO3iiTHOTO MOMIKOKEHHS [TOBEPXHI 3pa3KiB 3aJIH-
LIA€ThCs He3HayHOto (0a3a BunpoOyBaub 10 4000roauH),
a 1X mepeTHH MPaKTHYHO HE 3MiHIOEThCs. Cyb(iaHO-0KH-
cHa Kopo3is cruiaBy 3MI-3VY nporikae 3 yTBOPEHHSIM IIiTb-
HOT IUTIBKU MPOIYKTIB KOpo3ii (puc. 4).

PucyHnok 4. MikpocTpyKTypa IIOBEpXHEBOT'O CIIOIO 3pa3Ka i3
crutaBy 3MI-3V (uac no pyiinyBanHs 1146 ronun)

[Tix nuiiBKOrO crocTepiraeThCcst 3MIHEHWH mIap 3aB-
TOBIIKK 10 MKM, B IKOMY BiJICYTHI CYJIb()iaH, II0 iCHTH-
¢bikyroTeest  MertanorpadiuHo.  30UMBHOICHHS — TEpMiHY
BIUIMBY KOPO3ilfHOTO cepemopumia (o maibke 4000 roanH)
HE TIPU3BENIO 10 OyAb-SKAX BUAIB JOKaTbHHAX KOPO3ii,
CXMJIBHOCTI JI0 MDKKPHCTAIITHOTO PYHHYBaHHS HE BHSB-
neHo (puc 5).

Pucynok 5. MikpocTpyKTypa IIOBEpXHEBOT'O CJIOIO 3pa3Ka i3
caBy 3MI-3V (wac o pyinysanus 3600 roans)

CrabinpHicTh cTpyKTYpH 3pa3kiB 3MI-3VY B xopo3iii-
HOMY CEpEIOBHIII CBIIYUTH PO MOXKIIHBICTD CTBEPKY-
BaTH PO MOAIOHICTH MPOIIECiB, 0 MPOTIKAIOTh HA KOPOT-
KHX Ta TPUBaJINX 0azax MOCHTI/KEHb, a 1€, B CBOIO Yepry
CBITYUTH NIPO MOXKIIMBICTB 3aCTOCYBYBATH TEMIIEPaTypHO-
4yacoBi mapameTpuuHi 3ajexHocti Mimtepa-Jlapcona,
Mencona-Xadepna, 1llep6i-JlopHa s TpuBaJIOro mpo-
THO3YBaHHS XapaKTEPUCTHK MIIIHOCTI.

TakuM 4nHOM, pe3yIbTaTH BUIPOOYBaHb Y CHHTETH-
YHii 30J1i 3pa3KiB CIuiaBiB 3a HanpyxeHHs 400200 MIla
BKa3yIOTh Ha 0€3M0Cepe/IHIO 3AJICXKHICTh TPUBAIOT MIIHO-
CTi Bifl CTYIEHS KOPO3ii{HOI MOUIKOIKYBAaHOCTI TOBEPXHI
3pasKiB.

BucHoBku

[IpoBenenuit aHaii3 BiAMOBIAHOCTI EKCIIEPHUMEHTA-
JBHUX 1 MPOTHO30BAaHHUX 3HAYEHb MEX TPHUBAIO! MIITHOCTI
cmiasis BXKJI-12V ta 3MI-3V nokas3as, 1110 3a JOIIOMOI'0XO
TEMIIEPaTYPHO-4aCOBUX MapaMeTpPiB MOXIIHBO 3/1HCHIO-
BaTH TOMEPE/IHIN NPOrHO3 BIACTHBOCTEH 3a3HAYEHUX Ma-
TepiajiB B IIUPOKOMY Jlialla30Hi TEMIIEPATyp 1 4aCOBOMY
IHTEpPBa JIMIIEC B OKUCIIOBATBEHOMY CEPEIOBHIIT.

B ymoBax cynb(iTHO-OKUCHOTO BIUTUBY PO3paxyHOK
yacy /10 pyHHYBaHHS MOXIIMBHH JIMIIE JUISI KOPO3iHHOC-
Tifikoro cruraBy 3MI-3VY. InTeHcHBHE KOpO3iiiHE MOIIKO-
JOKEHHS KapominHoro ciuiasy BXKJI-12V, npusBoants 1o
MIPUCKOPEHO1 edopmaltii, Ta 3MiITaHOTO (BHYTPIITHBO3EP-
HHUCTOTO 1 MXK3EpHUCTOTO) MeXaHi3My pyiiHyBaHHs. Bin-
MOBITHO U HEKOPO3iHHOCTIMKIX MaTepialiB (akTop Ko-
Ppo3ii mpeBaoe B MexaHi3Mi pyiHyBaHHS, 10 pOOUTH TpH-
BaJIe NIPOTHO3YBAHHS HE MOXIIMBUM HE3aJICKHO BiJl THUITY
PO3pPaxyHKOBOTO METOLY.
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Purpose. Determination of the possibility of using the temperature-time parametric dependences of Miller-Larson,
Manson-Haferd, and Sherby-Dorn for long-term prediction of the strength characteristics of parts subjected to oxidation

and high-temperature sulfide-oxidation effects.

Research methods. Long-term strength studies were performed on samples of B)KJI-12V and 3MI-3Y alloys in syn-
thetic ash (66.2 % Na>SOy4, 20.4 % Fe>03, 8.3 % NiO, 3.3 % CaO, 1.8 % V>0s) and an oxidizing environment at temper-
atures of 800 °C and 850 °C. The Miller-Larson, Manson-Haferd, and Sherby-Dorn temperature-time parametric de-
pendences were used to predict the tensile strength of materials in an oxidizing and corrosive environment. The micro-
structure of the samples was studied using an optical microscope MIM-8M.
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Results. The results obtained indicate a high level of corrosion resistance of 3MI-3Y samples at 800 °C and 850 °C
and the possibility of determining the tensile strength of the material for a period of 1000, 5000, and 10000 hours by the
calculation method.

Tests of BXKJI-12V alloy samples in synthetic ash showed a discrepancy between the experimental time to fracture
and the calculated value, regardless of the parametric method, which indicates a direct dependence of long-term strength
on the degree of corrosion damage to the surface of the samples.

Scientific novelty. The possibility of using the Miller-Larson, Manson-Haferd, and Sherby-Dorn temperature-time
parametric dependences for long-term prediction of the strength characteristics of parts in an oxidizing environment has
been confirmed. In a sulfide-oxide environment, the use of parametric methods to determine strength characteristics for
up to 10,000 hours is possible only for corrosion-resistant alloys. Intensive corrosion damage to BXKJI-12V alloy leads
to accelerated deformation, which limits the use of temperature and time dependencies for effective prediction of the time

of failure of parts made of this material.

Practical value. Determining a reliable method for predicting the strength characteristics of heat-resistant alloys
in an oxidizing and corrosive environment allows reducing the time and financial costs of conducting lengthy field studies.
Key words: heat-resistant alloys, temperature and time dependence, oxidizing environment, sulfide-oxide corrosion,

prediction.
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OIITHKA ®TOPAMMOHINHOI TEXHOJIOTII PO3SKPUTTS IVIBMEHITY
3 OTPUMAHHSIM 3ATPEBYBAHUX MATEPIAJIIB JIJISI
IMPOMUCJIOBOCTI TA MEIUIIUHA

Mema po6omu. Oyinoganus nepesae iHHOBAYINIHO20 HANPAMK) 00EPHCAHHS 3ampedy8anux OKCUOJi8 mumary ma
KPEMHIIO 3a MEeXHON02IEI0 2I0podmopysantst bMeHIMOoBUX KOHYEeHMmpamis.

Memoou oocnioxcennsn. Oyinka skocmi 1a60PAMOPHUX 3PA3KIE — NPOOYKMIE POKPUMMSL 2i0pophmopysaHHsIMm
i1bMeHImy Wo0o MONCIUBOCII THMe2PAYii OMPUMAHUX MAMeEPIanié AK V iCHYIOUi BUPOOHUYT cXeMU 8UPOOHUYMBA AKMY-
ANbHOT MUMAHOB0T Ma KpeMHIe80T npoOYKyii, mak i y 3a6e3neueHni CUpOSUHHUX NOMpPed NepCneKMUSHUX MEeXHOL02IUHUX
npoyecis. Ximiunuil ananiz 6UKOHY8A6C MEMOOOM AMOMAPHO20 CHEKMPANbHO20 ananizy. Y nabopamopnux 0ocaiodiceH-
HSIX BUKOPUCMOBYBABCS CUPOBUHHULI KOMINOHEHM — Konyenmpam inbmenimy Manuwescvkoeo pooosuwa (Binbnozipcoiuii
I'MK, Vkpaina). B sikocmi peazenmy UKOPUCMOBYBABCS (DMOPOBMICHUL KOMHIJIEKCOYMEOPIO8AY — (MOopud aMOHII0
(NH/F). Bukonani 1ab6opamopHi 00CaiOH#CeHHA PO3KAAOAHHS LIbMEHIMY Y 600HOMY PO3UUHI (PMOpudy aMOHII0 npu mem-
nepamypax, ne nepeguwyroyux 200 °C.

Ompumani pesynomamu. Busnauenns memnepamyproeo 0ianazony ma ymog 8e0enHs npoyecy po3Kia0anHs ilb-
MeHimy 3a0e3neuye 1020 8UCOKY NPOOYKMUBHICIb MA OMPUMAHHS NPOOYKMIB, AKI € NPOMINCHUMU 1 CKAAO AKUX 3A0a€
3MICM HACMYRHUX NPOYECi8 00epIHCAHHA Yinbo8UX NPpoOdykmis. Peanizayis po3Kiadanus iibMeHimy 3 6UKOPUCTNAHHAM pe-
akyii 6 meepoil ¢hasi 3abe3neuye BUCOKUL NOMEHYIAT eKOI02TYHOI De3neKu mexHo0eii.

Haykoea nosuszna. Ompumani 0aui Modxcyms 6ymu UKOPUCMAHi 0151 062pYHMYSAanHs Npaye30amHoi eepcii eHe-
P203a0WaAdAHCyI0u020 MEeXHOI0TUHO20 NPOYeCcy PO3KIAOAHHS LbMeHimoeo2o Konyenmpamy. Ha niocmasi ompumanux
XIMIYHUX AHANI3I68 NPOOYKMI6 PO3KIAOAHHS 2i0pOQMOPYSAHHIM LIbMEHINY S8CMAHOBIeHA 8ION0GIOHICMb OMPUMAHUX
nPOOYKMi6 6UMO2aM 00 GUXIOHUX Mamepianie psdy HANPIMKI6 Ix sukopucmanHs 6 memanypeii ma meouyuni. Iloxasana
MOHCTUBOCI IHMESPAYTL OMPUMAHUX MAMePIaNie K y ICHYI0UI 8UPOOHUYT CXeMU MUMAH080I ma KpemMHie8oi npoodyKyii,
mak i y 3a6e3neuenni cCuposUHHUX nompe6 nepcnekmueHUX MexHoI02IYHUX NPOYECIs.

Ilpaxmuuna yinnicme. IlokasHuku yucmomu 00epICAHUX NPOOYKMIE NiOMEepO’CYIOMb NePCneKmueu 00Ci-
0oicenoi inmezpayii po32isiHymoi MmexHoa02Il 8 ICHYIOUL GUPOOHUYIL CXeMU 00ePHCAHHS NPOOYKMIB, U0 MICMSMb MUMAH i
KpeMHIUL.

[IleBuenko B. T

baxenos €. B.

Owmenpuenko O. C.

TameBa H. B.

Knrouosi cnosa: konyenmpam, inomenim, muman, 2i0pogmopysanHs, OKCUO MUMary, OKCUO KPeMmHio.

pecypciB Ta ekoJorii. B poOoTi BUKOHAHO KPUTHYHHI aHA-

Beryn . . . .
73 TEXHOJOTIYHHX IIPOIECIB IepepoOKH THTaHOBMIiCHOI

VY poboTi HaBemeHO aHaNi3 3pOCTAaHHS IHTEpEeCy M0
TUTaHy Ta HOTO XIMIYHHX CIIOIYK BHACHIZOK iX (pi3uKO-Xi-
MIYHUX Ta TEXHOJOTIYHHX BIJIACTHBOCTEH, AKI BiAIOBIIA-
I0Th aKTyaJbHUM 3aIllUTaM IPOMHUCIOBOCTI Ta MEIULUHU
CY4acHOT0 CyCHiJIbcTBa. Y poOOTi OCTaBIeHa 3a/1a4a OIli-
HIOBAaHHS IIPAKTUYHOI MOXIIMBOCTI PO3KJIaAaHHs 1IbMEHi-
TOBOTO KOHIIEHTPATy 3 BUKOPUCTaHHSAM (TOPUIY aMOHIIO
3 OTPUMaHHS THTaH-, 3QJ1i30- Ta KPEMHIH-BMICHHUX MPOAY-
KTiB BIAMOBIAHOT SKOCTi. AKTYaJIbHICTh JOCIIPKCHHS BH-
3Ha4YeHa BUCOKHMM IOITUTOM Ha TUTaH-BMICTHHUX ITPOJYKTiB
IIPY aKTyasti3amii HOBUX BUMOT JI0 JIFOYMX TEXHOJIOTIH MO
eHepreTulli, e(peKTUBHOCTI BUKOPHCTaHHS CHPOBHHHUX

CHPOBHHH, IO 3HANIUTH MacIiTaOHE MPOMHUCIOBE 3aCTO-
cyBaHHs. BukoHaHO aHali3 cTaHy po3poOKH MpodiIeMu i3
BiOOpaXCHHSAM IIPOOIIEM PO3BUTKY AIFOUMX TEXHOJIOTIH —
HacamIiepe]], XJIOPUIHOI TEeXHOIOTil OTpUMaHHS MeTale-
BOI TUTAHOBOI T'yOKH Ta THTAHOBOTO MITMEHTY. Sk anpTep-
HATHBA PO3TJISIHYTa TEXHOJIOTIS (hTOPAMMOHIHHOTO PO3K-
najganHHs inpMeHiTy. [Iporno3uiii aBTOpiB Mo oLiHKax nep-
CIIEKTUB PO3IJISIHYTOT TEXHOJIOTIi 6a30BaHi Ha pe3yJibTaTax
a00paTOPHUX TOCIIKCHb PO3KJIaJaHHS 1JIbMEHITOBOTO
KOHLIEHTPATY 3 BUKOPHUCTAHHSIM (PTOPHIY aMOHIIO 3 BH/Ii-
JICHHSIM TUTaH-, 3aJ1i30- Ta KPEMHIH-BMICHUX NPOAYKTIB.
CryneHb BWIyYEHHS LUIBOBHX KOMIIOHEHTIB IEPEBUIIYE
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MOJKJIMBOCT] TPaIWLiHHUX TEXHOJOTIH IMUPOKOTO 3acTO-
cyBanHs. OzneprkaHa CTYIiHb YICTOTH IUJTBOBUX KOMIIOHE-
HTIiB BiATIOBiae mapaMeTpam, o 3a0e3nedyioTh MOXKITH-
BICTB iX 3aCTOCYBaHHS SIK y IPOMHUCIIOBOCTI, TaK i B MeIU-
1[UHI. BUKOHAHO OIIHIOBaHHS MOYKJIMBOCTI 3aIpPOIIOHOBA-
HOT TEXHOJIOTIT 10 ajanTalii B iCHyr04l CXeMH BUPOOHHIITB
TUTaH- Ta KPEMHIH-BMICHMX MarepiaiiB, B IHHOBaIiiiHI
CXEMH PO3BUTKY BUPOOHHIITB JJIsl MiHIMI3allii BUTpaT CH-
POBHUHHHUX Ta €HEPreTUYHUX PECYPCIB.

AHaJi3 gocaixkeHsb Ta myoaikanii

Haii0inpime mpakTWyHEe 3HAYEHHS cepel MiATpH-
€MCTB THTAHOBOI T'aly3i MalOThb BUPOOHHITBA TETPAXJIO-
puny turany (TiCly), miokenmy turany (TiO,), merane-
BOTO TUTaHy (TyOKa, 37IMBKH, IPOKAT, BIJIUBKHU, IOPOIIKH)
Ta pepoturany. PepoTuTaH B JTaHOMY JOCIIIKEHHI HE PO-
3TIIAAAETHCS.

[epeBaxkHa KUTBKICTh CHPOBUHH, 1110 MICTUTh TUTAH,
BUKOPHCTOBYETHCS JJIsl BUPOOHHUIITBA JAIOKCHIY THTaHY 1
Py IHIIMX XIMIYHUX CIIOJIYK Ha Horo ocHoBi. CrioxuBayi
— XimiuHa, Xap4yoBa, (hapMarieBTH4YHa, Oy IiBeJIbHa IPOMHU-
cioBocTi. Ha BUPOOHUIITBO «KOMITAKTHOTO» METAJIEBOTO
TUTaHy (37MBKH, E€JEKTPOIH, JIHCTH, TpOKaT, (acoHHe
JUTTS) BUTpadaeThes He Oinpuie 7-10 % cupoBuHH, sKa
mictuth TuTaH. OCHOBHI CIIOXKMBaYi — i€ aBlalliifiHa Ta KO-
CMiYHA TIPOMHCIIOBICTh, CyIHOOYIyBaHHS, MAITHHOOYIy-
BaHHA [1]. OO’ exTHBHHH iHTEpEC IO TUTAHY MOSICHIOETHCS
VHIKQJIbHUM MOE€JHAHHAM HOTO (Di3MKO-XIMIYHHAX BIIACTH-
Boctei. [Ipu bOMY € 3HAYHUI TTOTCHIAT MOXKIMBOCTEH
3pOCTaHHsI CIIOKHBAHHS, 10 3a0e3leuyeTbes 3HAUHUMU
pecypcaMu CHpPOBUHH (BMICT THTaHy B 3¢MHIH KOpi CTaHO-
BuTh 0,61 %) [2].

BrnockoHasieHHs TEXHOJIOTIT 3 METOIO BUBEICHHS 11 Ha
KpHUTEpiaJIbHI OLIHKH, SIKi BIANOBIJAIOTH CY4acCHUM TeEX-
HIKO-€KOHOMIYHUM Ta €KOJIOITYHUM BHMOT'aM, 3BOAUTHCS
JI0 TIOWIYKY PillleHb I0JI0 3MEHIIEHHsI eHeprosurpat. Ha-
camIiepesi, CiIiJi BUAIIMTH HANpsIMOK 3HW)KEHHS TeMIlepa-
TYPHHX PEXUMIB IpoIieciB. SIK CHCTEMHE pillIeHHS — Iepe-
OpIEHTYBaTH NMPONECH Ha BUKOPUCTAHHS BHYTPIIIHBOT Xi-
MIYHOI €Heprii peareHTiB.

AKTyanbHICTG Ii€i 33124l BU3HAYMIIA HU3KY HaIPsIM-

KiB onITUMI3aIlii poIiecy OTPUMAHHS TUTaHy Ta CIIONYK Ha
Horo ocHOBI. SIk HAWOIBII aKTyallbHI BUIUISIOTH CIIOCOON
HPSIMOTO OTPUMaHHS MOPOILKIB METAJIEBOTO TUTAHY 3 1J1b-
MEHITOBUX KOHIeHTpaTiB. CIiji 3a3Ha4nTH, 0 HEe3BaXa-
I0YH Ha TIEPCIEKTUBHICTH IIbOTO HAIPSIMY, ICHY€E pobiieMa
BBE/ICHHSI IHHOBALlIHHUX TEXHOJIOTIH y MIMPOKY NMPAaKTUKY,
10 MOSICHIOETHCS 3HAYHOIO KarliTaIOEMHICTIO.
PoGotu B iHHOBaIIfHOMY HaNpsIMKY y CBITi BeJHcs 1 Bec-
tuMyThes. [llomo Ykpainu, To BUCOKHMIT MOTEHIIa KpaiHH,
MOYJIMBOCTI IIEHTPaJIi30BaHUX 3YCHJIb YPSIY LIOAO0 3aiy-
YeHHs iHBeCTHUIiH y cdepy BHOOOYTKY Ta IMepepoOKH TH-
TaHy 3a0JI0KOBaHi BiifHOIO [3].

Mera pobotu

Merta po6OTH TOJIATAE B OTPUMAaHHI MPAKTUIHUX pe-
3yJILTATIB JIA00PATOPHUX JOCIIHKEHb PO3KIIAIaHHS LTbMe-
HITOBOI'O KOHLIEHTPATy 3 BHKOPUCTaHHSM ()TOpUAY amo-
HIIO 3 BUIUJICHHSAM TUTaH-, 3aJ1i30- 1 KPEMHIHBMICHUX KOM-

IUIGKCHUX COJICH Ta 1X MEepeTBOPEHHS Yepe3 TiapoMeTany-
PriliHi MPOIECH y BiIIOBITHI OKCHIH, SKi BU3HAYCHI SIK
TOBapHUI MPOTYKT.

OxpiM TOTO, HaJlaHA OI[IHKA MOXKJIMBOCTI CHCTEMHOI
IHTerpalii pO3TISTHYTOrO MpOIecy B Mil0Ui MPOMUCIOBI
CXEeMHU BHPOOHUIITBA, SIKi MAIOTh IIUPOKE MOIITUPEHHS, Ta
TIEPCIICKTUBHI IHHOBAMIHHI TEXHOJIOTII.

Martepian i MeToaNKa I0CTiTKEHb

CxeMa MpeJICTaBIeHOTO JOCIIIKEHHSI CKIaJaeThCs 3
JIBOX YacTHH: PO3KJIaJaHHs UIbMEHITY 3a (ropaMMoHiii-
HOIO TEXHOJIOTIEI0 Ta TIAPOMETATYPIiiHUX POLECIB KOH-
Bepcii KOMIUIEKCHUX COJIEH Yy BIIMOBIZHI OKCHIY THTaHA,
3aji3a, KPEMHII0.

B mocnmijpkeHHSIX BHKOPUCTOBYBAaBCS CHPOBHUHHUIMA
KOMITOHEHT — IbMEHITOBUH KOHIIEHTpAaT MaJMIeBChKOro
poznosumia (Binmsroropeskuii 'MK, Ykpaina). Cknan koH-
neHrpary permamentoBanuit TY YV 14-10-005-98. Cknax
KOHILICHTPATy, BUKOPUCTAHOTO y MOCHIIKEHHAX: 65,2 %
TiO,, 1,7 % ALOs, 1,1 % SiO,. Cepenniit po3mip Kpucra-
1iB 70 MKM.

SIk peareHT BUKOPUCTOBYBaBcs TBepaodasuuil ¢pro-
pun amoniro (NH4F). Ob6pani pexxuMu BeIeHHS MpoIecy
3a0e3MedyoTh OTPUMAaHHS [UTBOBUX MPOAYKTIB peakiii y
BUTJISAI KOMIUIEKCHHX CHOJYK THUTaHy 1 KpeMHilo, ¢ro-
pHIy aMOHilo, 0 HE pOopearyBas, Ta HEPOSYHMHHOI KOM-
TUICKCHOT coJti 3ami3a [4].

OtpumaHi y pe3ynbrari peakiuiid GropyBaHHS KOM-
TUIEKCHI CITONyKH (TopoMeTaiaTh aMOHIIO Ta OKCOPTOPO-
MeTalaTH aMOHiI0) MaloTh (Hi3UKO-XIMIUHI XapakTepuc-
THUKH, K1 JI03BOJIAIOTH €)EKTUBHO BUKOHATH TXHIO cenapa-
nito. TexHoyoriuHI NMPUHOMH IIEPEeTBOPEHHST Ha3BaHUX
npoxayktiB Ha okcuau (TiO,, Fe O3, Si0,) mocratHRO O0C-
TYIIHI Ta MAIOTh BUCOKY TOYHICTH PO3MOILTY KOMITOHCHTIB.

Peaxkist po3kiiaaHHs UTBMEHITY BeJeTbCs ab0 y po-
3MJIaBi KOMIUIEKCOYTBOPIOBaya, a00 B HOTO BOAHOMY PO3-
gpHi [5]. CTyniHe po3KiIaJaHHA UIBMEHITY IpH TeMIepa-
Typax Butie 180 °C cranoButs 98-99 % [5, 6]. Ilocminos-
HICTb Ta PEXHMH IIEPETBOPEHHS OTPHMAHUX HPOIYKTIB,
HACTYIHI MPOIIECH TePMOOOPOOKH I03BOJIIOTH OICPIKY-
BaTH MOPOIIKH BUCOKOI XIMIYHOT YMCTOTU. [IJis1 TIOKCHIY
TtuTany 1e 95-99,9 % ta MOKIMBICTh KEPYBaTH IOIIMOP-
(hizMOM JiOKCHAY THUTaHy — OTPUMYIOUM K aHaTa3, Tak i
PYTHI (BKJIIOYAIOYH MOPOILIKH MIrMEHTHOI sikocTi) [6, 7].

[To6iuHi mpogyKTH, OTPUMaHi B pe3yJsbTaTi po3KIia-
JIaHHS UIBMEHITY, HAaKOTIMYYIOTHCSl B PO3YHMHI MPOJYKTaX
peakiiii, abo yJIOBIIOIOTHCS! HA BUXOA1 T€PMETHYHO 3aKpH-
TOTO PEaKTOpa, KOHICHCYIOTHCSI, AKyMYJIFOIOTECS B PiAKIN
(ha3i i HaMPaBIAIOTECS HA PEreHeparlito y BUTILAI BUXi-
HUX PEarcHTiB — (TOPHIIB aMOHIIO.

Po3knagaHHs 1IbMEHITY MPU3BOAUTH 10 OTPUMAaHHS
KOMIUIEKCHHX COJie 1 pTOpHUIiB MeTalliB 31 CKIany iibMe-
HITY Ta HaJae MaTepiajgpHy 0a3y peamizamii mapaienbHuX
TepMO(DI3NYHUX Ta TIAPOMETANYPridHHUX MPOLECIB MepeT-
BOPEHHSI CYIYTHIX €JIEMEHTIB y IPOAYKTH, 110 MalOTh TO-
BapHE 3HAYCHHSI.

Hacamnepen, po3risgaroTscs 3amizo ta kpemHiit. Te-
XHOJIOT1YHA €(DEKTUBHICTH OTPUMaHHS KPEMHIIO Y BUTIIS
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OKCHIy BiIKpUBA€ MOKIIUBOCTI peaji3allil TeXHOJIOri] Te-
pepobku O6araTux Ha KpEMHE3eM CHPOBHHHHUX MaTepiajiB
[UIIXOM 3HEeKpeMHioBaHHA. CyTh IpOIIeCcy IOJIArae y Kpa-
THOMY MiJABHIIEHHI BMICTY HiIJIbOBUX KOIITOBHHUX KOMIIO-
HEHTIB. SIKICTh OJlep»KaHMX MOPOIIKOBHUX MaTepialliB OK-
CHIy KpeMHito 1o unctoti 98-99,998 % [6, 7] 3abe3neuye
NEPCIEKTHBH IXHBOTO IMPOKOTO 3aCTOCYBAHHS y MPOMH-
CJIOBOCTI Ta y BUPOOHUIITBI MEIMYHHX IpENapaTiB Ta BH-
poGis [8].

B poGoti peanizoBaHo po3KkianaHHs UIbMEHITY. Sk
AKTUBHUIl peareHT-KOMILIEKCOYyTBOPIOBAY BapiaTHBHO BH-
kopucroByBanu ¢ropun amonito (NH4F), abo rimpodro-
pux amowiro (NH4*HF). Cxema ekcriepumenry [7]: peai-
3a1is IpoLecy po3KiIaJaHHI KOHIIEHTPATY IbMEHITY B Jia-
00paTOpHUX YMOBAX, cemaparliisi OTPIMaHNX KOMIUIEKCHIX
COJIeH, OTPUMAHHS OKCHIB THTAHY 1 CYIMyTHIX €IEMEHTIB
3 OLIHKOIO iX cTymeHs yucToTH (puc. 1).

Butpartn koMIuiekcoyTBOproBaya Ha IpOLEeC BU3HA-
YalOThCSI 13 CTOXACTHYHOTO CITIBBIJHOIICHHS B PEaKIIisX
PO3KJIalaHHs JIbMEHITY Ta TEPMIYHOT'O PO3KJIAIaHHS KOM-
IUIEKCHOT COJIi renTaTOpOTUTaHATY aMOHIIO Ha rekcadTo-
pOTHUTaHAT aMOHi0, aMiak Ta (YTOPOBOIOPOI:

FeTiO; + 6NH, * HF, =

(NH,)sTiF, = (NH,),TiFs, + NH; + HF.  (2)

ITpn 3aBanTtaxkenHi NH4*HF, Geperbcst 3 Hammum-
KOM, BEJIMYHHA SIKOTO BU3HAYAETHCS BIATIOBITHO 3 KOMIICH-
calil BUIIapOBYBaHHS KOMIUIEKCOYTBOPIOBaYa.

Pe3yabTaTh 10ocaixkeHb

Otpumannii 3a peakieto (2) (NH4),TiFs — rekcadro-
pTHTaHAT aMOHII0 TiAJAE€THCS T1APOMETATypPTriHHOMY TIPO

1ecy noAaTKoBoro ounieHHs Ta ugiieHHs [T (rigpart
JIOKCHTy TUTaHy) BHCOKOi yucTOoTH. [Ipn 1isoMy yTBOpIO-
€ThCA KiHLIEBUI pO34YMH, IO MICTHTH (TOpH amoHito. Ki-
HIEBUH PO3YMH MiJNalOTh BHUIIAPOBYBAHHIO, 3a0e3medy-
I0YHM pereHepalliro (TopUIy aMOHIIO IS PEBEPCY CXEMH
po3kiananHs ipMeHiTy. OTpuMaHi B pe3yJbTaTi Jlabopa-
TOPHHUX JOCIIIDKEHb PILICHHS, 11100 TOCITiJOBHOCTI Ta pe-
JKMMIB ITPOLIEYp NEPEXO0.Ty BiJl KOMIUIEKCHHX COJIei uepes
I'IT no niokcuay TUTaHy, 3HAYHOK MIPOIO CIPOINYIOTH
MOCIIZIOBHICTh TEPETBOPEHb TPH 3a0e3NeueHHi CKOpo-
4yeHHs eHeprosutpar. Tepmiuna oopooka I'JIT npu Temme-
patypi 900 °C npotsirom 60 XBHIMH NIPU3BOAUTH 10 YTBO-
PeHHS pyTHia. 3HIKEHHs TeMIepaTypu TepMidHOi o0po-
oxu I'’IT mo 450 °C (2,5 roauHu ) MPU3BOIUTH IO YTBO-
PEHHS aHaTazy.

B pe3ynbraTi OTpUMYIOTH TUCTIEPCHI TIOPOLIKH OKCH-
IiB.

SIK mpuKIIaj, TUCIEPCHUN TOPOIIOK OKCUIY THTaHY,
30BHIIIHINA BUITISI SIKOTO HABEACHO HA PHUC. 2 — 1€ MPO-
IOyKT, OTpUMaHU{ 6e3 JOIaTKOBOTO OYHIIIEHHS BiJl CIIOIYK
TPUBAJEHTHUX MapraHIlio Ta 3aJi3a.

XiMIYHAN CKJIa]] BU3HAYABCS ATOMHHM CIICKTPasib-
HHUM aHaJi30M.

Ha panomy erami BiAnpanpOBaHi TEXHOJOTIYHI
NpUHOMH OTPUMAaHHS TPOJYKTIB i3 BMICTOM OKCHAY TH-
tany Bix 95 % no 98 %. Iloganpiie BinpaIOBaHHS TEX-
HOJIOTIi Ma€ Ha METi CTaje OTPUMAaHHS MPOAYKTY 3 YUCTO-
Toro He MeHIe 99,0-99,8 %.

OTtpumMaHi cymyTHI IpoayKTH — (TOopodepparn amo-
HI0, IMiTaI0THCS. OKUCITIOBAIBHOMY HipOTiAPOIIi3y 3 yTBO-
peHHsiM okcuay 3aniza Fe;O3 3 MOXKIMBICTIO JJOBEIEHHS
HOro JI0 SIKOCTi 3aJi300KCHIHOIO IIrMEHTY (BMICT JIIOK-
cuny Tutany mMenuie 4 % mac). Pexxumu miporigposizy Bu-
3HAYAIOTh KOJIIPHY ramy IIrMEHTY — YepBOHUM, KOpUUHE-
BUH.

UIBMEHITOBHIM KOHLIEHTPAT

KomnuiexcoyTBoprosad

(T DKHUBIEHHS) 1

1. Posksiaganns ineMeniTy (< 200 °C)
2. Cenapauis koMmiekcHux conei Ti/Fe (< 60°C)
3.IlepeBenenHs cosei y okcuau Ti0, (20°C)

4. Tepmiuna o6pobka (450 — 900°C)

Hiokcup tutany, Ti0O2

(Ti0, = 95— 99%)

PeBepc koMIUIeKkcoyTBOpIOBada, 99%
BHXIJTHOI KUIBKOCTI Ha IpoLec

Perenepariia

KOMIIZIEKCOy TBOPIOBaya
(20 — 100 °C)

Pucynoxkl. TIpuHuumnoBa cxemMa OTPUMaHHS JIOKCHY THTaHY 3 BAKOPHCTAHHSM TEXHOJOTIi
(hTOpaMOHIIHOTO PO3KIANaHHS LIBMEHITY
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Pucynok 2. [Topomok niokcuaa THTaHY
(98,29 % Ti0z2, 0,92 % SiOz2)

OTpuMaHul CYIyTHIH MPOIYKT — reKcadTOPCHITIKaT
amoHito (NH4),SiFs minmaeTscst amiagHOMY OCaIKEHHIO 3
YTBOpEHHSAM Hiokcuay kpemHito (Si0,). Yucrora mpomy-
KTy Ta TIUCIIEPCHI XapaKTePUCTUKH OJIM3bKI 10 XapaKTepu-
ctuk AEROSIL® kommnawnii Evonik Industries AG (Hime-
yupHa) (cepenii po3mip gactok 5—40 um, 99,8 %). Yuc-
TOTa NPOJYKTY JIOCTAaTHS AJIsl HOrO BUKOPHCTAHHS B ITPO-
Hecax OTpUMaHHS JIOKCHAY THTaHy IITMEHTHOI SIKOCTI 13
BMICTOM Jiokcuny TuTany 94-98 % i terpaxmnopuny TH-
tany TiCls (99,999 %) nist oTpuMaHHs ry0uacToro TUTaHy
MarHidTepMIYHUM BiJTHOBIICHHSM. TeXHIKO-€KOHOMIYHI
MTOKa3HUKH TMPOIECY MOXYTh OyTH HOKpaImieHi mpu Bian-
PpAaIfoBaHHI MPOIECIB MO BUIIICHHIO CYIYTHIX MPOAYKTIB,
TaKHX K JIOKCHJ KPEMHIl0. SIK MpUKITaa, OTPUMaHHS JTU-
CIIEpCHOTO TTOPOIIKY IIOKCHIYy KpeMHiro (puc. 3).

Pucynok 3. [Topomok niokcuaa KpeMHi0
(98,0 % Si02, 0,07 % TiO2)

1} J3BIHTAMEHHA T3 EMTDATHI KOMNOHEHTH

Mo>HBOCTI TEXHOJIOTii (TOPaMOHIHHOTO pPO3KIa-
JaHHA 1JIBMEHITY 3 OJlep>KaHHSIM BUCOKOYMCTHX AUCIIEPC-
HHUX IOPOILIKIB MIOKCHIY THTaHY BH3HAYAIOTh IEPCIEK-
THBH BIIPOBA/DKCHHS Yy ICHYIOWiI CHCTEMH BHPOOHHIITB.
BrockoHalieHHS IIUX TEXHOJIOTIT MOXe OyTH PO3IIUPEHO
BUPINICHHSIM 3a]1a4i MPSIMOTO OJIEP)KaHHS MOPOILKIB MeTa-
JICBOT'O TUTAHY 13 MOPOIIKIB HOTr0 AIOKCHAY. MOKIHMBOCTI
ajlanTanii TEXHOJIOTIi 0 CHCTEMH BUPOOHHLITB THTAHOBOT
MPOXYKIIi IT0Ka3aHo Ha puC. 4.

PiBeHp umcrotn miokcumy tutany (95-99,9 %), mo-
3BOJISIE BUKOPHCTOBYBATH HOTO B ICHYIOUMX XJIOPHAHHUX
cXeMaX OTPUMaHHS HiOKCHIY THUTAHy ITIFMEHTHOI SIKOCTi
Ta TUTAHOBOI I'yOKH Yepe3 MPOMIKHY CIOIIyKY — TeTpaxJio-
pua THTaHy. 3aMiHa THTAHOBOTO IIITAKY Ha MOPOIIKOIIO i~
OHY CHpPOBHMHY 3 BHCOKOIO KOHIICHTPAII€I0 TIOKCHIY TH-
TaHy 3abe3nedye e(eKTUBHICTh TPOIECY XIJIOPYBaHHS,
CKOpOYYIOUH MaTepiajbHi Ta CHEPreTHYHI BUTPATH.

ApanTartisi 3a1pONOHOBAHOTO PillIeHHs B ICHYIOY1 BU-
POOHMYI CXEMH O/IepIKaHHS IIT'MEHTHOTO JIOKCHY TUTaHY
Ta TUTAHOBOI I'yOKHM uepe3 TEeTpaxJIOpH]l TUTaHy 30epirae
HasIBHUI MOTEHLIall OTPUMaHHS IIUPOKOTO CIEKTPY IPO-
JTYKIIii.

PosrnsiHyTa TexHomoris Hagae (Hi3UKO-XIMIUHI MOX-
JIMBOCTI KepyBaTH NporiecoM (GopMyBaHHSI CTPYKTYpH TIO-
POILIKY Ta MOMIMOP(HHUX HMEePEeTBOPEHDb TIOKCHIY TUTaHY 3
OTpPHMaHHAM aHarta3y Ta pytuina [9]. Jliokcua Tutany pyTu-
THHOT MOH(iKaIll JOBOJUTHCS 10 SIKOCTI MIrMEHTY. AHa-
TazHa (opma Moke OyTH BUKOPHCTaHA, HANPHKIAN, SK
iHHOBamiiiHa (hOoTOKATATITHYHAa HAHOJ00AaBKa B €KOOETOHHI
[10].

3anpornoHOBaHa TEXHOJOTiS HaJa€ MOJKIJIHUBOCTI
OTPUMAaHHSI BUCOKOYHMCTHX TOPOLIKIB AIOKCHIY THTaHY i
KPEMHIIO 3 OpI€HTAIiI0 Ha moTpeOu (apmakostorii [8, 11].

TexHIKO-eKOHOMIYHUH MOTEHINIal OTPUMAHHS J[IOK-
CUJIy TUTAHY 3a TEXHOJIOTI€ (TOPAMMOHIMHOTO PO3Kiia-
JIaHHSI KOHLIEHTPATY 1UIBMEHITY JOMOBHIOETHCS MOXKIHBO-
CTIO OTPHUMAaHHS 3aTpeOyBaHMX CYIYTHIX PEYOBHH — OKCH-
B 3aJTi3a Ta KPEMHII0.

lewywoui TEXHORORI:

NigMuBNEHHA InbMEHIT [HOHLEHTDAT) Turahoss WAAK, Texsonoria Ti-nirment
HOMOASKCOVTRODIOBAY - Nositpa Ti0, 8%% Ti-nirmenra
amiauna 80Aa . .
Nopowok, l [
[i— — T —T T (e TiCla MarniRTepmiune Ti-ryGua
g | x XAOPHAHE TEXHONDTIA sigHosnenna Ti
E I Po3rnaganHa inbMEHITY NO | XNOPYBAHHA
<] I TEXHONOTI [ Ti-rytua
o E HOMMAEKCOYTBOPEHHR Ti-anuron
g5 | | Banyym-gyrosa *
s 8 .
a ; | | nnasxa Ti
| M :
% I w | |  Mepcnexrusu possumiy | l Ti-anurox
= I DaconHe NHTTA
| YAOBAEHHA T2 pereHepauin | | Hosa TexHonoria JIMTTA y BaKyymi
} nonyTHix npogyxTie | t i | npoxaa nopowku Ti  -HRSKIL,
| | | | Nopowey Ti
I | | Hosa Texnonoria .
I I 1 0COBANBO YHETOTD | | Tiosnirment NAKO®APEOBA
| I I TiQz-nopowsy NPOMHCAOBICTE
e e e e e e e | I |mo SAPMAKONONIA
| Hoea Textonoria | XapuoBa NPOMKCAOBICTE
APAMOrD OTPHMAHHA | -
! NOPOWKIB METANEBOrD | Tinopowos ALAHTHBHI
T Ti 3 TiO-nopowry TEXHONONI
*- 360 ENEKTDOHHO-NPOMEHEBA |
nnasxa Ti |_ —!

Pucynok 4. ApanTaris 3aponoHOBaHOT TEXHOJOT] y iCHYIOUi CHCTEMH BUPOOHHIITBA TUTAHOBOT MPOIYKIIi1
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30Kkpema, TEXHOJIOTis OTPUMaHHS TIOKCHIY KPEMHII0
(S10») uncrororo Bume 99,998 % 3abesmeuye Horo BUKO-
pucranus sk aHanor npoaykty AEROSIL AG (momymsip-
Huii mpoaykt ¢ipmu Evonik Degussa AG) [12], i nepcre-
KTHUBHOI'O BI/IXiJIHOFO CUPOBHMHHOT'O KOMIIOHCHTA Yy CXEMax
BUPOOHHMIITB HAMIBIPOBITHUKOBOTO KpeMHito [13, 14].
BucHoBkn

1. Po3rasiHyTO MPHUHITUIIOBY CXeMYy OTPUMaHHS TiOK-
CHIy THUTaHy 3a TEXHOJOTi€l0 (PTOpaMOHINHOTO PO3Kia-
JaHHA UTBMEHITOBOTO KOHIIGHTPATy 3 IMOJANBIINM IOIi-
JIOM ITITbOBUX KOMITOHEHTIB (IHOKCHIM THTAHY, KPEMHIIO,
3aj1i3a) Ta OOIPYHTOBAHO TEXHIKO-CKOHOMIYHHHA IMOTEH-
iaJl PO3BUTKY PO3IIISIHYTOI TEXHOJIOTIi.

2. Pe3ynbraTtu BUMIpIOBaHHS KUIBKICHOTO BMICTY OK-
CH/IIB IIJIbOBUX KOMIIOHEHTIB B OTPUMaHHX IPOAYKTAX PoO-
3KJIaJIaHHS] KOHIICHTPATY JIbMEHITY JO3BOJISIIOTH PO3Paxo-
BYBaTH Ha IEPCIIEKTHBN €PEKTUBHOI aJanTamii po3risHy-
TOTO TIIXO/y B ICHYIOUI CXeMH OTPUMaHHS 3aTpeOyBaHUX
TUTAHOBMICHHUX MaTepialiB.

3. TexHOIMOTISI OTPUMAHHS TEXHIYHOTO JiOKCUIY TH-
TaHy 4epe3 KOMIUIEKCHI IIPOMIXHI CITOITYKH 3a0e3Iedye:

- TIEPCIEKTUBY BiIMOBH BiJ] €HEPTrOBUTPATHOTO Ta
3HAYHOT'O €KOJIOTIYHOTO HaBAaHTA)KCHHS IIPH BUILIABJICHH]
THUTAHOBOTO IIUIAKY;

- pO3KJafaHHs UIBMEHITY y TBepaid (asi npu HeBU-
cokux Temnepatypax (He Buiie 220 °C);

- IOBHY pereHepalito KOMIUIEKCOyTBOpIOBaya 3 peBe-
pcoM HOro Ha MOYaTOK TPOIECy, IO 3YMOBIIOE 3HAUYHY
€KOHOMIYHY Ta €KOJIOTIYHY €()EKTUBHICTb;

- PO3MIMPEHHsI CHPOBUHHOI 0231 THTaHOBOI raiysi 3a
PaxyHOK 3aJTy4eHHS B IIEpepoOKy JEUIeBIIO] CHPOBHHH —
LTBMEHITOBHUX KOHIICHTPATIB 3 HEBUCOKUM (BiZ 36 %) BMi-
CTOM JI1OKCHIY THTaHY;

- BUpimeHHa npobieMu nexapOoHizamii BUPOOHHUII-
TBa Y€pe3 BUBEACHHS 3 TEXHOJIOTI] AEPEBUHHOTO BYTLIIIA,
OTHOYACHO 3HM)XYIOUH TIOCTaYaHHS JOPOTUX Ta AeDiluT-
HUX KOMITOHEHTIB,

- MiJIBUIIEHHS BiZICOTKIB MEPEpOOKH CUPOBHHU (BU-
JIy4eHHsI JioKcuay TUTany 92-95 %) 3 oTpUMaHHAM J1i0K-
CHIly THTaHy BHCOKOI'O CTYINEHsS 4YUCTOTH Bix 95% 1o
99,9 % — 3a71€XHO BiJ BUMOI CIIOKHBAYa.

4. IlepeBaru TEXHOJIOTII:

- 3MEHILICHHS BUTPAT HAa BUPOOHHIITBO JIOKCUJLY THTAHy
HE MeHIIIe HiX B 1,5 pasu (3a1eKHO Bif] 00CSTIB BUPOOHUIITBA);

- 3HWKEHHS eKCIUTyaTal[ifHuX Ta €HeproBuTpar (Ha
30 mutH. KBT-roauH — 1ipy BUPOOHUITBI TIOKCUIY THTAHY
1o 10 Trc. ToH Ha piK);

- CKOPOYEHHS BUKHIIB A0 aTMOC(epr BYTICKHCIOTO
ra3y (Ha 3 MIJIH. TOH — IIpY BUPOOHUIITBI IOKCHIY TUTAHY
B 10 THC. TOH Ha piK).

5. OTprMaHHS MOXIIUBOCTI KEpYBaHHs TapaMeTpaMu
JIOKCUIy THTaHy (MOMIMOP(i3M, KUIbKICTh JOMIIIIOK, PO3-
Mip 4acToK), 1110 3a0e31e4ye MOXKIMBOCTI OTPUMAHHS PO-
JYKTiB, 3aTpeOyBaHUX Yy XIMIYHIA IIPOMHCIOBOCTI B pam-
Kax, SK ICHYIOYHX, TaK i y PO3BHUTKY IIEPCHEKTHBHHUX TEX-
HOJIOTIH (IIPSIMOTO BiTHOBJICHHS TUTAHY 3 JIOKCUY).
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EVALUATION OF THE FLUORAMMONIUM TECHNOLOGY OF DISCLO-
SURE OF ILMENITE WITH OBTAINING THE REQUIRED MATEALS FOR
INDUSTRY AND MEDICINE
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Purpose. Evaluation of the advantages of the innovative direction of obtaining the sought-after titanium and silicon
oxides using the technology of hydrofluorination of ilmenite concentrates

Research methods. Evaluation of the quality of laboratory samples — products of hydrofluorination of ilmenite with
regard to the possibility of integrating the obtained materials into existing production schemes for the production of current
titanium and silicon products, as well as in providing raw materials for promising technological processes. Chemical
analysis was carried out by the method of atomic spectral analysis. In the laboratory studies, the raw material component
was used — ilmenite concentrate from the Malyshev deposit (Vilnohirsky MMC, Ukraine). A fluorine-containing complexing
agent — ammonium fluoride (NHF) was used as a reagent. Laboratory studies of the decomposition of ilmenite in an aqueous
solution of ammonium fluoride at temperatures not exceeding 200 °C were performed.

Obtained results. Determination of the temperature range and conditions for conducting the ilmenite decomposition
process ensures its high productivity and obtaining products that are intermediate and the composition of which deter-
mines the content of the subsequent processes of obtaining the target products. Implementation of decomposition of
ilmenite using reactions in the solid phase provides a high potential for environmental safety of the technology.

Scientific novelty. The obtained data can be used to justify a workable version of the energy-saving technological
process of decomposition of ilmenite concentrate. Based on the obtained chemical analyzes of the decomposition products
by hydrofluorination of ilmenite, the compliance of the obtained products with the requirements for the starting materials
of a number of areas of their use in metallurgy and medicine was established. The possibilities of integration of the
obtained materials into the existing production schemes of titanium and silicon products, as well as in providing the raw
material needs of promising technological processes are shown.

Practical value. The indicators of the purity of the obtained products confirm the prospects of the researched integration
of the considered technology into the existing production schemes for obtaining products containing titanium and silicon.

Key words: concentrate, ilmenite, titanium, hydrofluorination, titanium oxide, silicon oxide.
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A0 BUCOKOIIPOAYKTHUBHOI'O CUHTE3Y AJIIOMIHIEBUX HAHO-
YACTOK B IIVTIASMOBIA CTPYMHUHI ITPU ATMOCO®EPHOMY TUCKY

Mema pooomu. Memoio 0anozo 00CHiONCEHHA € GUGHEHHS BUCOKONPOOYKIMUBHO20 GUNAPOBYBAHHS MIKPOHHO2O
AnIOMIHIE8020 NOPOWIKY 6 NIAZMOBOMY CIPYMEH] AMMOCc@epno20 mucky Ois CUHme3y HaHOAMOMIHIA. Bukopucmogyio-
Yy cneyianbHy NAA3MO8Y MEXHIKY, HAHOYACMUHKY MOJICHA OMPUMAMU WAAXOM WEUOKO20 NAAGNEHHS | GUNAPOBYEAHHSL
NOYAMKOBUX MIKDOMEMPUUHUX YACTNUHOK MA iX NOOAIbULOT NOBMOPHOI HYKleayii.

Memoou docnidxcennn. Bukopucmari Mmemoou MamemamuyHo20 ma KOMn 10MepHo20 MOOENI08aHHA 0038YKOBUX
MypOYyIeHMHUX NAA3MOBUX CIPYMEHI8 NPU AMMOCHEPHOMY TUCKY MA eKCHEPUMEHNATbHI OOCTIONCEHHS 080ha3HUX
npoyecie npu mepMiuHii nAA3MO8il 00poOYi 3 BUKOPUCMAHHAM 0Y208020 NIA3MOMPOHY.

Ompumani pesyromamu. Ha ocrogi Komn 10mepHo20 MOOeNo8anHs CRPOeKmo8and i po3pooaena cneyianoha pe-
aKmopHa cucmema, wjo SKIIOHAE 00 CB020 CKAAOY NIAZMOB0-CIPYMEHegUl peakmop 3 eneKmpooy208um Haasmompo-
HOM O CuHmMe3) HAHOYACMUHOK AMOMIHil0. Hucenvne M00enosanus HA0AE MONCIUBICIG GUIHAYUMU NONOHCEHHS

MOYKY NIAGNEHHS, BUNAPOBYBANHS | OPODIEHHS PO3NIABIEHOI YACMUHKU, €8ONIOYII0 PPAKYIUHO20 CKIAJY OUCnEepCHOT

Gasu, 3Haimu WEUOKicms i memnepamypy YaCmuHKU Ha OLIAHYL 610 MOuKU il niasienHs 00 mouku opooaenns. I[lpose-
odena excnepumMeHmanbHa nepesipka pooomu peakmopHoi cucmemu npu UKOPUCMAHHT 0Y208UX NIAAZMOMPOHIE NOMY-
arcnicmro 30 ma 150 kBm. Ilokazano, wo inmencugixayis OpoOaeHHss OUCNEPCHOT CUPOBUHU 8 NIA3MOBOMY CIPYMEHI
ModHce Oymu KOPUCHOIW 8 MEXHONO2IAX OMPUMAanHa HaHnomamepianie. Hacniokom npoyecy opobdrenus € nepeposnooin
@pakyitinozo cknady HOPOUWIKY 830082 NAAZMOB020 CIMPYMEHs | CYNYMHI 3MIHU OUHAMIKU DYXY, HASPIBAHHSA MaA 8UNa-
PO8YBAHHSA YacmuHOK. Busnaueno, wo Koau memnepamypa HatlOinbuux 4acmuHok anominito docaeae 2500 °C, 3azans-
Ha KinbKicmyb sunapyeanoi macu meopemuyno oopisuioe 100 %. Ocnosnumu napamempamu, wo 6niuear0ms Ha noGeodi-
HKY YACMUHOK Y NIA3MOBOMY CIPYMeHi, € Oiamemp 4aCMUHOK, WEUOKICb 8NOPCKYBAHHA NOPOUWIKY, WBUOKICIb NOMO-
Ky, memnepamypa i cKiao niazmMo8020 2a3y. Ypaxysanusa yux napamempis 00360umb 8ecmu npoyec Ha NiosuujeHil
nPOOYKMUGHOCMIL.

Haykosa nosuzna. Ompumano mamemamuyHuii onuc npoyecy opooienHs nOIiOUCNEPCHO20 NOPOUIKY, 3ACHOB8A-
HUU HA KOHMUHYAIbHOMY Ni0X00I, W0 HA0AE 3MO2Y GUSHAYUINU NOLONCEHHS MOYKU OPOOIIeHHs PO3NAAGIEHOT YACMUHKIL,
@paryitinuil cknad oucnepcHoi (azu, 3HAUMU WEUOKICMb | MeMRepamypy YacmuHKU Ha OLISIHYL 610 MOYKU i1 NAA6IeH-
Hsl 00 MOYKU OpoOnenHs | eunapogyeants. Bnepue noxasano, wo moducna gecmu npoyec Koiu NOGHe GUNAPOBYBANHSI
PO3NNAGNEHOI Kpani 30illCHIOEMbCS 3a PAXYHOK 8UCOKOI eHMANbRIL NAA3Mu 00 3aKIHUEHHS NepeMiuly8anHts 3 napoio.

Ilpakmuuna yinnicms. Cnpoexmoeana i po3podiena cneyianbHa peakmopHa Cucmemd, wo 6KI0YaA€E 00 8020
CKIa0y NAA3MOB0-CIMPYMEHEBUIl PeaKmop 3 eneKmpo0y208uM NAAZMOMPOHOM O CUHME3Y HAHOYACTUHOK ATIOMIHIIO.
Busuaueni napamempu pobomu peakmopnoi cucmemu, wo 003801UMb NPOBOOUMYU NPOYEC CUHME3Y HAHOYACHUHOK
AIOMIHIIO 3 BUCOKOI NPOOYKMUBHICTIIO.
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MamemamuyHe MoOento8aHHs.

Beryn

HaHO4acTHHKH alIOMIHIIO € OZHMMH 3 HailBaXIH-
BIlIMX HAHOYAaCTWHOK, BUKOPHCTOBYBAaHHS SIKMX CTPIMKO
3pOCTae B HAHOPO3MIpHIl HayIl Ta imkeHepii. BoHu Ma-
I0Th O€3J1i4 3aCTOCYBaHb, SIKi BKIIOYAIOTh: MIPOTEXHIKY,
MIPOTIEIEHTH, BUOYXOBI PEYOBUHH, PAKETHE MAJIHNBO, 3aIla-
JIOBaJIbHI TPHUCTPOi, JWMOBI IIANIKH, Tpacepw, JeTaii
MTOPOIIKOBOI METaTyprii Al aBTOMOOUIIB 1 JIiTaKiB, Tem-
JIO3aXUCHI 1 AHTUKOPO3iliHI TOKPHUTTS, CBITIOBiIOMBHI
(hapOu, CTpyMOTIPOBITHI Ta AEKOPATUBHI BUPOOH, TEPMIT-
HE 3BapIOBaHHS.

AHaJi3 focaizkeHb Ta myOaikanii

IcHYI0TB pi3HI METOIM CHHTE3y HAHOYACTHHOK B3a-
rami [1-3]. dns oTpuMaHHS HaHOATIOMIHIEBHX YacTOK
BUKOPHCTOBYIOTh BHCOKOTEMIIEpATypHi 1 HHM3bKOTEMIIE-
paTypHi TeXHOJIOTIuHI mporecu. BucokoremneparypHi
BKJIFOYAIOTh BUIIAPOBYBaHHs rasy [4, 5], mia3MoximMiuHuN
cunre3 [6—11], mazepua aOmsmis [12], ayroBuit po3psn
[13-15], emektpoBuOyx [16—19] Ta ioHHa iMILIaHTAIlisA
[20], Tomi SIK HU3BKOTEMIIEPATYpHI BKIIOYAIOTH METOIH
po3unHeHHs [21-27] Ta MexaHi4HE CTHpaHHS (KyJIbOBE
noapioHeHHs) [28-29]. OgHak TPOMHCIOBE BUPOOHHUIITBO
HAHOATIOMIHIIO 3aUIIAE€THCS TEXHIYHOI TPOOIEeMOrO.
Cepen icCHYIOUMX TEXHOJOTIYHHX TIPOLECIB TepMidHa
ITa3Ma Ma€ TakKi HEBiJ'€MHI IepeBary, sIK BUCOKA IIBH/I-
KICTh BUPOOHMIITBA 1 KOHTPOJIb PO3MIpY YaCTHHOK (MO-
HOJHUCIIEPCHICTh). IIpoTe, BUCOKOUMCTI MOPOLIKU 1 HAHO-
MMOPOIIKK aKTUBHUX METAJIB, TAKUX SIK aJIOMIiHIN, HE TaKk
NPOCTO CHUHTE3yBaTH, OCKIJIbKH TXHE MIBUAKE OKHUCHEHHS
BiZZOyBaeThCs JIerko. Maii po3MipH HaHOYACTHHOK ajfo-
MIHIIO POOJIATE iX OCOOJHBO CIPUIHATIMBAMH 10 HAMi-
PHOTO OKMCHEHHS ITiJ] 4ac 30epiraHHs J0 BUKOPUCTAHHSI.

B ocranHi poku Bce Oibllie HAHOATIOMIHIEBI YaCTH-
HKU TIPUBEPTAIOTh BEJIMKY yBary (axiBLiB y raiysi ro-
piHHS; iXHI (DI3UKO-XIMIYHI BIaCTHBOCTI Ty>KE CIPHUSATIH-
Bi TIOPIBHSAHO 3 IXHIMH aHAIOTaMH MIiKPOHHOTO pPO3MIpy
[30]. CporomHi HaHOPO3MIipHI KOMIIOHCHTH CTaHOBISTH
iHTepeC A JOCATHEHHS BHUCOKOI MPOAYKTHUBHOCTI B pa-
KETHOMY TaJuBi Ta mipoTexHimi. HaHoamroMiHIi € mpuk-
JamoM Takoro matepiamy. OYiKyeThCs, IO TOPIBHSHO 3
YaCTHHKaMH MIKPOHHOTO PO3Mipy, HAaHOPO3MIpHUH allto-
MIHI€BUI TIOPOIIOK 301IBIIUTE UIBUJKICTh TOPIHHS 1 3HA-
YHO 3MEHIINTH arJIoMepariio, MiJBUIIYIOYHd ITHTOMHNA
IMITyJIbC TBEPAOTO pakeTHOro naiuaa [31].

TakuMm 4nHOM, icHye noTpeba B OLIBII JEHIeBOMY i
BHCOKOIIPOAYKTHBHOMY IIPOIECi JUIi BUPOOHUIITBA HAHO-
amoMminito. Hactynna npo6Giema mosisirae B METOZ1 HaHO-
CHHTE3Y.

Mera pobotu

MeTo10 JaHOTO AOCTIKEHHSI € BUBUCHHS MOXKIIMBO-
CTi CHMHTE3y HAHOYAaCTHHOK AJIOMIHIIO BHITAPOBYBAHHSIM
MIKpDOHHOTO aJIOMIHI€EBOTO TOPOIIKY 32 JOIOMOTOIO
CHemiadbHOI TEXHIKU PO3MIUICHHS B aTMOC(EpHiH 1m1a3mi.
BUKOpHCTOBYIOUH TaKy TEXHIKY, CHHTE3 HAHOYACTHHOK

JIOCSITAETHCSI IUISIXOM IMIBHAKOTO IIJIABJICHHS 1 BHIIAPOBY-
BaHHS IIOYaTKOBHX MIKPOMETPHYHHX YaCTHHOK Ta IX
MOTANTBIIIOT TIOBTOPHOT HyKJIEaLlii.

Jst MOCATHEHHS MTOCTABJICHOT METH HEOOXITHO BH-
KOHATH TaKi 3aBJaHHs:

1. BukoHaTH MOJEIIOBaHHS MOBEIIHKH IHCIIEPCHOL
(ha3n B MO3BYKOBUX TypOYJIIEHTHHX IUIa3MOBHX CTpyMe-
HSX IIPH aTMOC(HEPHOMY THUCKY Ta ii KOMITIOTEPHUH pO3-
paxyHOK.

2. Po3pobutu Ta peanizyBaTH CIELIalIbHY PEeaKkTop-
HY CHCTEMY 3 EJIEKTPOJIYTOBHM IUIa3MOBO-CTPYMEHEBUM
PEaKTOPOM Ta IOTYXKHOIO CHCTEMOIO €JIEKTPOKUBIICHHS
€JIEKTPUYHOTO PO3psiy IJIsl IJIa3MOBOTO CHHTE3y HaHO-
YAaCTHHOK.

3. Jocniauti epeKTUBHICTH BUIIAPOBYBAHHS JIHCIIC-
pcHoT a3y pu cuHTE31 HAHOYACTHHOK ATIOMIHIFO.

Marepian i MeToANKA NOCIII/KEHD

[Ipu  mpoekTyBaHHI 1 po3podmi  TIa3MOBO-
CTPYMEHEBOTO PEaKToOpa 3 €JIEKTPOLYTrOBUM ILIA3MOTPO-
HOM JUIi CHHTE3y HAHOYACTHHOK AJFOMIiHII0 BUKOPHCTaHi
METOJIM MaTeMaTHYHOTO Ta KOMITIOTEPHOIO MOJIEIIOBAH-
Hs JO3BYKOBHUX TypOYJICHTHHX IIa3MOBUX CTPYMEHIB IIpU
atMocepHoMy  THcKy. [Iporpamue  3abesneueHHs
CASPSP, mo BHKOpHUCTaHE aBTOpaMH, NMPHU3HAYCHE JUIS
KOMIT'IOTEPHOTO MOJEIOBaHHS IUIA3MOBUX IIPOIECIB.
CASPSP € nakeTom NpuKIaAHUX OPOrpaM, IO BUKOPUC-
TOBYIOTBCSI IPH PO3PaxyHKaxX XapaKTepHCTHK TypOyieH-
THHUX TUIA3MOBHMX CTPYMEHIB 1 /ISl MOJICIIOBAHHS TIpOLe-
CiB HarpiBaHH: 1 pyXy YaCTHHOK B ITIa3Mi.

Po3pobiieni peakTopHi CHCTEMH JJIsl CHHTE3y HaHO-
YAaCTHHOK AJIOMIHIIO, IO BKJIIOYAIOTH JI0 CBOTO CKIIAIy
TUIA3MOBO-CTPYMEHEBI PEaKTOPH 3  EJIEKTPOIYTOBHMHU
IUTA3MOTPOHAMM, SIKI 3a0e3NedeHi CHCTeMaMH OXOJIo-
JOKEHHS, JDKEPEIaMH KHMBJICHHS, CHCTEMaMHM I0/adi BH-
XigHOTO MaTepiany (TMOPOIIKY), oAl IIa3MOYTBOPIOIO-
4iX Ta3iB Ta MPHUCTPOIO 3arapTyBaHHA. 3aCTOCOBYBAJIACh
CyMilll aproHy i BOJAHIO 3 MOXXJIMBICTIO BHKOPHCTaHHS
reniro. CucreMa mojayi 1ia3oMOyTBOPIOIOUIX Ta3iB 3/1aT-
Ha X 3MillyBaTH B pi3HHX cIiBBigHOUIECHHIX. CucTeMa
nojayl Marepiany 3a0esneuye mojady aitOMiHIEBOTO
HOPOLIKY 3 KMBUIIBHUKA [J03aTOPa 10 peakTopy. 3arapry-
BAIGHUN TNPHUCTPIN € NMPUCTPOEM IMITIHAPUYHOTO THITY,
KYyJIY TIOJIA€THCST APTOH.

Hocninna nepeBipka e(eKTUBHOCTI poOOTH IIa3MO-
BO-CTPYMEHEBOT'O PEAKTOpa BHKOHAHA 3 BHKOPHUCTAHHIM
EJIEKTPOJYTOBHX IUIa3MOTPOHIB TNOTYXkHicTio 30 Ta
150 kBT i eKCriepUMEHTAIbHOIO KOMIUICKCY ISl TOCITi-
JUKEHb TIPOLIECIB PYXY, HAarpiBy, JUCHEPTyBaHHs Ta BHIIa-
POBYBaHHSI MaTepiaiy B MPOIECi PO3NHUICHHS, 10 BKIIIO-
yae B cebe OpUriHaNBHY cucTeMy Bineodikcallii Ta aHai-
3y oTpuMaHuX 300paxeHs (puc. 1) [32].

Kamepa i mpuitoMHuI# 06’ €KTHB criekTpoMeTpa (ik-
CyBaNics Ha TUIaTGOpMi, Tak MmO iX B3a€MHE PO3TAIIy-
BaHHS 3aJIMIIATOCS HE3MIHHUM (puc. 16), a miua3MoBHi
CTpyMiHb TepeOyBaB B (pOKycHOI rurommHi 000X ONTHY-
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HuX cucrteM. OOnacTpb Bi3yBaHHS KaMepH OXOIUTIOBAJIA
JUISTHKY CTpyMeHsl (BUMIpIOBaJIbHUI 00’€M), po3Mmipu
SKOTO BapiroBamucs Bijx 29%24 Mm? 10 68x56 MM2,

Pucynok 1. 3aransHuil BUIIIAA IU1A3MOBOI yCTAaHOBKU (), CXe-
Ma (6) Ta 30BHIIIHIN BUMIIAAA () NIarHOCTHYHOTO KOMILIEKCY IS
JIOCITIPKEHHS TIPOLIECIB PYyXY, HArPiBy Ta BUIIAPOBYBAaHHS Jac-
TOK Yy IJIa3MOBOMY CTpyMeHi: | — I1a3MoTpoH; 2 — 3amieHnit
IUIA3MOBHH CTPYMiHb; 3 — IPUCTPIil IS TOAadi IOPOIIKY;

4 — npibHOAMCIIEPCHI YacTKK; 5 — Kamepa; 6 — GpoTocmeKTpo-
MeTp; 7 — KOMIT'IoTep; 8 — BUMIPIOBaJIbHUI 00’ €M

ITovaTkoBOIO 00JIACTIO 3WOMKH OYJIO MICIIE BBOIY
MIOPOIIKY y TIa3MOBHH CTPYMiHB, e BiOyBajach peecT-
patlis IpOLIECiB HArpiBy, PyXy, APOOJICHHS Ta BHIIAPOBY-
BaHHS JUCIIEPCHUX YACTOK.

Jani utatrdopma 3 kamMeporo i 00'eKTHBOM CHEKTPO-
MeTpa HepeMillyBajach Y34OBXK IUIa3MOBOIO CTPYMEHIO,
3a0e3Meuyroud NepeKpUTTs MOCIiJOBHIX o0nacTeil BUMi-
PIOBaHHS TEMITEPATYPH 1 MIBUIKOCTI YACTHHOK.

B cucremi Bimeodikcariii BUKOPUCTaHO iHHOBamMii-
HUH TEIUIOBI31MHAN MOIYJIb, B IKOMY 3aCTOCOBAHO HOBHI
MiJXiJ 3 iHTerpaiii 00poOku iHGopMaIlii BiJi BACOKOIIBH-
nkicHoi kamepu HD1-1312-1082-G2  (Photon-Focus,
[Beitnapis) i mudposoro cnekrpomerpa LRI-T (ASEQ
Instruments, Kanana) (puc. 16). ust inTerparii nanoro

monyns B cepenosuili MATLAB pospobieno M-kiac
00'exTiB aSpectr, sKi HpPEACTAaBISIOTH WOTO Yy BHIIISAI
BIpTYaJIbHOTO MPWIIAY 3 IIHPOKUM HaOOpoM (pyHKITiOHa-
JBHUX MOJKJIMBOCTEH IMPH Yacy EKCITO3MIIIl CIIeKTpoMeTpa
10...100 Mc. AmaparypHO-TIpoTpaMHi 3acO0H TOCHTITHOL
YCTaHOBKU JO3BOJIIOTH 3IHCHIOBATH aBTOMAaTHYHY pe-
€cTpaiilo Ta OOpOOKy JaHHMX MapameTpiB Ipolecy, B
TOMY YHCIIi TaKHX, SIK CTPyM AYTH, HAIPyTra Ha Ay3i, THCK
Ta BUTPATa IJIa3MOYTBOPIOIOYOTO ra3y, IBHIKICTh MOAaYi
MOPOILKY Yy TJIa3MOBHI CTPYMiHb, TOLIO. B sikOCTI mocsi-
JTHOTO Marepiajly BHKOPUCTOBYBaJM CQEpHYHHI TOpO-
mok amroMinito ACI-1 ¢pakmii -15 — 45 Mrm.

Pe3yasTaTn gociaigkeHs

CremianpHa peakTopHa cucTeMa Oyiia CpoeKTOBaHa
i po3pobnena [33] 3 ypaxyBaHHSM MOMNEPEIHBOTO BiIIO-
BigHOrO crpomieHoro moaemtoBanas CASPSP — makery
KOMIT'FOTEpHUX IpOorpaM AJsl MOJEIIOBAHHS J03BYKOBHX
TYpOYJICHTHHX IITa3MOBHUX CTPYMEHIB IpH aTMOc(hepHO-
My TUCKY [34]. Cucrema 103BOJISIE YHUKHYTH OYIb-SKOTO
OKHMCHEHHSI MEeTajly IiJi Yac IUIa3MOBOT'O PO3IHJICHHS, a
TakoX 3a0e3redye MIBHIKE 3arapTyBaHHs rasuQikoBaHo-
ro Metany (puc. 2) [35].

J Bogess (remii)

& AproH + mopomoK

.Aprcn

‘Aproﬂ + E0ZeHs (remiit)

Pucynoxk 2. [InazmoBo-cTpyMeHEBUH peakTop:
a — cxeMa, 6 — peakTop B poOOTi, ¢ — 3aliIcHa TIa3MOBa
CTpyYMHHA

YTBOpeHiI 4acTHHKH 30Mpalii 3a JIOIIOMOTOI0 KBap-
1OBOTO (hiIbTPa 32 TIOTOKOM IIJIa3MOBOT'O CTPYMEHSL.

[Iporec moYNMHAETHCA 3 BUIIAPOBYBAHHS MaTepiaiB-
MIPEKypPCOpiB 3a paXyHOK BHCOKOi EHTaJbIii IIa3Mu, a
3rOfIOM Tapa Marepiasry IMepeHOCHThCS 1O XBocTa abo
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mepudepii mia3Mu, ne TemIeparypa pi3Ko 3HIKYETHCS.
Leit TemneparypHuil rpamieHT xo3BOssiE (opMyBaTu
BHCOKOIIEpPECHYEHY Iapy, 110 NPHU3BOJMUTH 10 LIBUAKOTO
YTBOPEHHS HAHOYACTMHOK LUIIXOM T'OMOTI'€HHOI HyKiea-
1[i1, FeTePOreHHOT KOHICHCAIii Ta KOAJICCIICHITI.
EdexTuBHe BHIMapoByBaHHS BHXITHOTO Marepiany B
MOJIOTI € HeOOX1THO 1 JOCTATHROK YMOBOKO JJIsl OHO-
piAHOTO 3apOHKEHHS HAaHOYACTHHOK i POCTY HAaHOTIOPOII-
KiB OJTHAKOBOTO po3Mipy Po3risiHemo e netanpHime.
[Mepa crazis mpouecy — Lie MOBHE BUIIAPOBYBaHHS
BUXIJIHOTO TOPOIIKY B IUIA3MOBOMY CTPYMEHi JOCHUTBH
TOYHO MOJETIOEThCA. MaTeMaTHyHa Mopenb (i3HYHUX
MIPOIIECiB, IO MPOTIKAIOTh Y IJIa3MOBOMY CTpyMEHi, a
TaKOX IIiJl 9ac HOTO B3a€MOJIl 3 YaCTHHKAaMHU MOPOIIKO-
BOI'0 Marepiaiy, la€ 3MOTY 3a JOIOMOTOIO ITaKkeTa HpH-
knmagaux nporpam CASPSP peanizyBatu ko toTepHe
MOJZEIOBaHHS HarpiBy Ta pyXy YacTHHOK Y IJIa3MOBOMY

CTPYMEHI H OI[IHUTH TEXHOJIOTIUHI MapaMeTpH nporecy ix
BHTIAPOBYBaHHS. AHAII3 pe3yIbTaTiB MOJEIIOBAHH TIJIa3-
MOBHX TIPOIECIB B €IEKTPOIYTOBOMY ILIa3MOTPOHI TTOKa-
3y€, LIO HAWCIPHATIMBIII YMOBH JJIS BHUIIAPOBYBAHHS
JIPIOHOTUCTIEPCHOTO TOPOIIKY B IUIA3MOBOMY CTPYMEHI
(HM3bKa MIBMJKICTH IUIa3MHU MPH BUCOKIH TeMmmeparypi)
CTBOPIOIOTECS B IEBHOMY PEXUMi poOOTH, 1 BCS cCUCTEMa
MacmTadyerscsi. OCHOBHOIO 30HOI0 OOpPOOKH aoMiHie-
BOTO IOPOILKY B INIa3MOBOMY CTPYMEHI € BUCOKOTEMIIE-
patypHa 30Ha (3000-15000 °C), nopxuHa KOi He mepe-
BuIIye 3—4 kamiOpiB. 3 BXHUTTSAM CIICHiaJbHUX 3aXOJliB
I OBXXKWHA MOKe OyTw 30iumbmiena B 1,5-2 pasu. Ha
puc. 3 HaBeACHO PO3MOJLIT PO3PaXyHKOBHX IMapaMeTpiB
TUIa3MOBOTO CTPYMEHs (@) 1 BIATIOBIMHUX CTaHIB Marepia-
JIy YaCTHHOK (6) Ul peakTopa, 10 HaBeAeHUH Ha pwuc. 1.

Isothermal Lines

Radial position, mm

Parameters

Plasma gas: Ar + H , (20 %)
Anode diameter: 8.0 mm
Anode length: 21 mm

Arc current: 1000 A

Gas flow rate: 25 SLPM
Arc voltage: 53.8 V

Electric power: 53.8 kW

- Plasmatron efficiency: 42 %
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Powder feed rate: 1.6 kg/he
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Pucynoxk 3. Po3nozin mapaMeTpiB I1a3MOBOr0 CTPYMEHS: @ — 1 BIIIOBITHUX CTaHIB MaTepialy YacTHHOK; 6 — IS peakTopa (puc. 1).

YacTHHKU MOXYTh BUIIAPOBYBATHCS 4epe3 KibKa MiJi-
METPIB TPAEKTOPIT 3aJICIKHO BiJl BIACTHBOCTEH YaCTUHOK 1

riazmu. 1o cTocyerhest TEXHOJIOTIUHUX OCOONUBOCTEM
TU1a3MH, TO B po0oTi [36] 3 BUKOPHCTaHHIM OOYHCITIOBA-
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JIFHOTO METOXy BUKOHaHO 3D MOJETrOBaHHS 3aJI€KHO Bill
Yacy IUIa3MOBOro crpyMmeHs. IlokasaHo, IO IpH Hakma-
JIaHHI OJIHOPIJJTHOTO MAarHITHOTO TIONISl 33 PaxXyHOK CHII
Jlopenna ta J[)oyneBa HarpiBy BiIOyBa€eThCs JlaMiHapH3a-
1S TOTOKY, TIOJIOBXKEHHS I1JIa3MOBOTO CTPYMEHSI Ta TEMIIe-
parypuuii npodink crae Oinpur 3anoBHeHHM. Lle mpu3Bo-
JIMTh 0 OUTBII €()EeKTUBHOTO MPOrPiBy YaCTUHOK MOPOILIKY
Ta NpHUAYIIeHHs TypOyneHTHoi mudysii napiB Ta HaHOYAC-
THHOK BUXOPaMH, III0 B CBOIO €Iy BIUIMBAE HA iX GopMy-
BaHHs. EkcniepumeHTansHa nepeBipka eexkTHBHOCTI Teo-
PETHYHO OIMCAHOTO SIBUIIA 3 BUKOPUCTaHHSIM JIyrOBOTO
u1a3MoTpoHa notyxHictio 30 ta 150 kBt Bukonana B [33].
BuznauaneHy poiib y IUIA3MOBO-CTPYMEHEBUX HpOIECax,
OB’ I3aHAX 3 OOPOOKOI0 AWCHEPCHUX MaTepialiB, Bifir-
paloTh IMIBHIKICTH 1 TeMIlepaTypa IUIa3MH Ta YaCTHHOK
MTOPOIIKY, HOTO (paKmiiHUH CKIIaI.

VY peanbHHX yMOBax AucIepcHa (a3a, 110 TPAHCIIO-
PTy€eThCS T1a3MOI0, 32 (PpaKLiiHUM CKIaJJOM MOXKe iCTO-
THO BiJpi3HATHCSA Bix BuximgHoro mopomky [37]. Taka
BiZIMIHHICTb €, B OCHOBHOMY, Pe3yJIbTATOM aepoJnHaMid-
HOTO JPOOJICHHS PO3IUIABJICHUX YaCTUHOK (puC. 4).

Pucynok 4. JIpoOneHHSsT 94aCTOK alFOMIiHIIO B IUIa3MOBIil CTpy-
MHUHI: @ — JIiJICHHS PO3IUIAaBICHOT YaCTUHKH, 6 — 37yBaHHs PO3II-
JIaBy 3 IIOBEPXHi YaCTUHKH, 6 — yTBOPEHHS Ha IIOBEPXHI MOPi0-

HEHHX YaCTHHOK

JpoOneHHs MOXKe MaTH 3HAYHHUI BIUIMB Ha KiHIIE-
BUI pe3ynbTar mpolecy. 30Kpema, IIiJ 4yac IUIa3MOBOIO
CHHTE3y HaHOYaCTHHOK KepoBaHE JPOOJICHHS MOXe OyTH
KOpuCHUM. JI0 TO3MTHBHUX pE3YJIbTAaTiB MNPU3BOJUTH
MOJIIT BEJIMKHUX YaCTHHOK Ha 2—3 npibHimi. [Ipu mpomy
(YHKIIS pO3MOIUTY YaCTHHOK 33 PO3MipaMH 3MIlly€ThCs
B OIK 3MCHIICHHS IXHBOTO CepemHboro miamerpa (ds),
CepeHbOKBAAPATUYHE 3HAYCHHA BimxmwicHHs (Ad)’ Ta-
KOK 3MCHIIY€ETHCSL.

[ToB’s13aHe 3 npOOIEHHAM 3MEHIICHHS 1HePLUiIHHOCTI
YaCTHHOK OOYMOBIIIOE 30LIBLICHHS 1X CepeaHbOl HIBH/I-
KOCTI, a 3HIKCHHS CepPEeJHbOKBAPATHYHOTO BiJXUIICHHS
BiJl CepelHBbOro aiaMeTpa NPH3BOAUTH 10 3MEHILICHHS
PO3KHAY 3a HIBHAKOCTAMH. Yce 1e 3a0e3rnedye Oiabii
LIiJIbHE 1 PIBHOMIpHE MaKyBaHHS YacTHHOK Y CTPYMHHI
(puc. 5). YacTuHKHM, IO PYXarOTbCs B TOTOLI IUIA3MH,
3aJIMIIAIOTH Ha BiJICOKa/pi TPEKH, IO CBITATHCS, TOBKUHA
SIKMX TIPOTIOPIIiHA Yacy eKCITO3HILii.

IaTencudikanis ApoOICHHS ANCTIEPCHOI CHPOBUHH B
IUTa3MOBOMY CTPYMEHI JOIJIbHA B TEXHOJOTIX OTpH-
MaHHS HaHOMaTepianis. L{e moB’s13aHOo 3 THM, IO IOBHOTA
TIEPETBOPEHHSI TUCIIEPCHOI CHPOBMHH B IUTBOBHHA IIPO-
IYKT BU3HAYAETHCS CTYIICHEM ii BUIApOBYBAHHSA, a APOO-
JICHHSI Kpamneib PO3IUIaBy MPUCKOPIOE X KUIIHHS. 3MiHY

(pakuiitHoro ckiagy aucnepcHoi (asu Mg 4yac po3mu-
JICHHA MOXKHA PO3IVIIATH SK Pe3yJbTaT PO3IUIaBICHHS
a00 YacTKOBOI'O OIUIABJIEHHS YaCTUHOK 1 IONAJIBIIIOrO 1X
IPOOIICHHS aepOIMHAMIYHIM BIDIHBOM CTPYMEHSL.

Pucynok 5. ®ororpadii TpekiB YaCTHHOK aJTIOMiHiIO, IO CBi-
TATBCA, Y TIIA3MOBOMY CTPYMEHI: @ — y pe3ynbTari APOOJICHHS,
6 — 3a BiACYyTHOCTI IpoOIeHHS

Po3risiHeMO OJJHOBMMIpHY MOJENb PyXy, HarpiBaH-
HS 1 JApOOJeHHS PO3IUIaBJIEHO! (CIOYaTKy) OJMHOYHOT
YAaCTHHKHU CTaliOHapHUM NOTOKoM Iia3mu [38, 39]. Omi-
HUMO 3aJIeXHICTh BiICTaHi, NMPOHIEHOT PO3ILIABICHOIO
YacTKOIO /10 MOMEHTY JApOOJIEHHS, Bi/l IIBUIKOCTI U TeM-
MepaTypyu CTPYMEHS, SKi MPUHAHATI MOCTIHHIUMU (OCTaHHE
JIOYIIEHHS BUIIPABIOBY€ETHCS OTPHMAHUMH PE3yJbTaTa-
MH pO3paxyHKiB, III0 CBi4aTh PO MANICTh IIi€i BiACTaHi).
Mopnens 6a3yeTbcs Ha OaHWX PO APOOJIEHHS Kpareib
MIOTOKOM, & TaKOX Ha HOBHX pE3yJbTaTax, OTPUMAHUX B
eKCTIIEpUMEHTaX HaJ BOAOINMILEPUHOBHMHU KpAaIUIIMH B
MOTOIIi MOBITPSI.

CriiikicTh 1 pyiiHyBaHHs Kpameib 1]l BIUINBOM ae-
POAMHAMIYHUX CHJI XapaKTEPU3YIOTh TAKUMH Oe3po3Mip-
HUMH MapaMeTpamu, sk yucia Bedepa We, Jlamaca Lp,
Maxa M, Bouna Bo, PeitHonbaca Re ta iHmumu, npudo-
MY CTYHiHB IXHBOTO BIUTUBY Ha YMOBH PYHHYBaHHs Kparl-
i pizHa. HaiiOinbim BaxximnBuM € yncio Bebepa:

We = |VF_VS| " Pr 'dS/O_HH,

ne V., V ¢— mBuakocti rasy i kpamii; d, oy,. — giamerp i
MIOBEPXHEBUI HATAT KpaIUli; P, — TYCTHHA rasy.

Brnue uncna Jlannaca:

L. = ds " ps 'UnH/

p Ns

I N, Ps — KoedilieHT AMHAMIYHOT B SI3KOCTI Ta I'yCTUHU
Kparuti BIANIOBIZHO Ma€ iCTOTHI 3HAYECHHS JIMIIE JUIs B'S3-
Kkux piguH (3a Lp < 10). Jlani npo BIuMB iHIIHMX 6e3po3-
MIpHHX MapaMeTpiB ypUBYACTi Ta HETIOBHI.
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Xapakrep ApoOieHHs Kparut OyBae pi3HHM B 3alre-
JKHOCTI BiJ IHTGHCHBHOCTI Ta 4acoBOi 3MiHM HaBaHTa-
JKeHHA. 3a3BUYail PO3MIANAIOTh TPU THIIM YaCOBOI 3aJIexkK-
HOCTI HaBaHTAKEHHS KPaIlIi: a) pi3Ke 301IbIICHHS BiTHO-
CHOI IIBUIKOCTI 1 MOTIM IUIABHE 3MEHIIICHHS 0 MOMEHTY
NpoOJieHHsT; 0) TuIaBHE 30UIBIICHHS; B) IJIABHE 3POCTaHHS
1 MOTIM IJIaBHE 3MEHIICHHS HaBaHTaXeHHs. KiIbKiCHOIO
XapaKTEepPUCTHKOI0 IIBUIKOCTI HAaBaHTaKEHHs € 0e3po3-
MipHHA TTapametp G:

3
_ s L — ps * ds 0,5
G=o"5We =2 1 = 0,83( /5.)%,
e T — TOTOYHWH dYac, T,— Tepioj] BIACHUX KOJWBaHb
Kparui.

Kparuis pyiiHy€eTbCsl IpH BUKOHAHHI YMOBHU
We =We*,

ne We* — xpurtnune uncino Bebepa, mo m0opiBHIOE MiHi-
MallbHOMY 4ncily BeGepa, micist JOCATHEHHS SKOro Kpall-
N 3 JEAKOK0 3aTPUMKOIO Tiy,, KA HA3MBAETHCA 4YacoM
iHAyK1ii, 000B’sI3K0BO 3pyiHYy€eThCsl. J[iis TUIIB HaBaHTa-
JKEHHS 0), B) 3 MPUOJIU3HO JIIHIMHUM 3aKOHOM HapOCTaH-
HSl HaBaHTa)XEHHs B 4aci oOpoOKa pe3ysbTaTiB eKCIepH-
MEHTy ToKasana, mo 3a G =3 —97,L, = (35-53)"
10° 3amexnicTs umcna We* Bix mapamerpis G, Lp Bu-
3HAYA€THCS IHTEPIIOALIIHOIO (OPMYIIOIO:

We* = 13,5 — 0,44a — (9,5 — 0,44a)e(%005a-0.25)G,
ne a = In(Ly).

Yuciio G 00UMCTIOETHCS Ha IUISHII HAPOCTaHHS YH-
cia Bebepa 3a hopmyioro:

g=We@)—Wew)l/

Ie Ty, T° — 0e3po3MipHi [M0YaTKOBHII MOMEHT 4acy i Mo-
MEHT 4Yacy IpH BUKOHaHHI yMOBU We = We*.

Jotst 9acy iHAyKIil Ty, OTPUMAHO 3aJIEKHICTB:
Ty = TipAe(BH1ORE34) (We,  — We*) /We”,
A=432-85-10"*Re - (—0,15—4-107°Re) In(L,),
e Wepqr = We*— makcumanbHe 3HaueHHS yucia BeOe-
pa micis MOMEHTY 4acy T > Typ; YMCIO Re Oeperbcs B
MOMEHT Yacy Typ.

[{ro 3aJeXHICTh BCTAHOBJICHO [UIS  Jiala3oHiB
Re =2790 - 3620, Lp = (5,2 - 3,92)-10°. Y namomy Buma-
IOKy KpuTepid Re 3HaA4HO MEHIIMHA YHACTIIOK HHU3BKOI
TYCTHHH Ta BHCOKOi B'I3KOCTI mia3mu. OnHAK gepe3 Bif-
CYTHICTh OUIBII JOCTOBIPHHMX JITEPaTYpHUX JaHUX B
OIIIHOYHHUX PO3pPaxyHKax BUKOPHUCTAHO 3a3HAUCHI 3aJICK-
HOCTi. Y Mojeni ans BenuuuH We™ ta Ty,,, Opamucs Ha-
BeJICH] 3aJIeKHOCTI, MPUIOMY BBaxkanocst G = oo, OcraH-
HE IOB'SI3aHO 3 THM, IO IiJ Yac IUIaBJIEHHS YACTHHKH Ii
MOBEPXHEBUI HATST 3MEHIIYETHCS MPAKTUYHO CTPUOKO-
mo1i0HO, Yepe3 10 YHCIo We YaCTHHKH CIIOYATKY Pi3KO
3pocTae A0 JESKOTO MaKCHMAaJIbHOTO 3HAYeHHS 1 Jami
MOHOTOHHO 3MEHIIYETHCA, IO BiJIMOBia€ YacoBil 3aie-
JKHOCTI HaBaH-TXXCHHS THITY ).

PiBHSHHS pyXy YaCTHHOK Ma€ BUTIISIL:

dug
dx

).
ps'dsz'us

=18-Cg- (U, — uy),

Jie Ug — MBUAKICTh YaCTUHKH, 7)., — AMHAMIYHA B’SI3KIiCTh
rasy, U, — IBUJKICTb ra3y, Cr — KoedillieHT JUHAMIYHO-
TO OTIOpY, X — IUISX.

HarpiBaHHS 9aCTHHOK OTIMCAHO CITiBBiAHOIICHHSIM:

drT. Nu -y,
=6 || (=T,
dx Cp'ps'ds " Us
ne T - TeMIieparypa YaCTUHKH,

— TeMIepaTypa YacTHUHKH, )Y, — KoedillieHT Teruione-
penadi; C, — TEIVIOEMHICTh MaTepiany 4acTMHKH, Nu —
kpurepiii HycenbTa.

AmHaii3 pe3yJIbTaTiB po3paxyHKy KOOPAMHATH TOYKH
JPOOIIEHHS Xy, 1 4acy HAYKUIT Ty, MOKA3ye, WO s BCiX
BUXIJIHAX NTapaMeTpiB YaCTHHOK, 110 PO3TJIsJaiics, Ta B
yCiX peKMMax IXHBOTO PyXy W HarpiBaHHS BiJ3HAYalOTh-
Csl HACTYITHI OCOOJIMBOCTI:

@) 3a (piKCOBaHMX 3HAYCHD U, ] BEITMUYMHH MAIOTh TEH-
JEHILIO JIO CHalalHs: X,y (ds) | Ta : Tiyy (ds) |

0) 3a (hikcoBaHUX U, d; BETMYNHHA MAIOTh TEHACHIIIO JI0
3pocTanns: X, (Tr) 1712 : Ty (T1) ) 15

6) 3a (ikcoBaHUX d;, T, BETUYNHU MAIOTh TEHACHINIO 1O
CHaaHHs: X, (Uy) | Ta @ Ty, () |,

ne gepe3 f(x)T, f(X)]| mo3HaueHo 3pocTarody i cramardy
(yHKIIIT.

OCHOBHHI1 BUCHOBOK, III0 BUIUIUBAE 3 IPOBEICHOTO
aHaNizy, IOJISIra€ B TOMY, IO B ILIa3MOBOCTPYMEHEBUX
mpoIiecax, OB’ A3aHUX 3 OOpPOOIEHHSM MOPOIIKIB, MO-
XKYTh pealli3yBaTHCS YMOBH IPOOJICHHS YaCTHHOK Pi3HUX
MaTepialiB, a 9ac, HeOOXiMHUI A pyHHYBaHHS YaCTHH-
KM TICNIA JOCATHEHHS KPUTUYHUX ITapaMeTpiB, Ha KiJTbKa
MOPSIIKIB MEHIIHMH 32 XapaKTepHHUX YaciB PO3roHY i po3i-
IpiBy YaCTHHOK JI0 TeMIlepaTypu IuiaBieHHs. Haciimkom
npotecy ApoOJIeHHs € Tepepo3noil GpaKkiifHOTO CKila-
JIy TIOpOLIKY B3JOBX IUIa3MOBOTO CTPYMEHsI 1 CYIyTHIi
3MiHM JTUHAMIKH Ta HarpiBaHHs yactuHOK. Ciil 3a3Havu-
TH, IO B TOTOII BiMOYBAETHCA 1 KOATYJIIAIIS Kpamels.
OpHak JOCBi CBIUUTH MPO T€, IO B YMOBAX IUIA3MOBO-
TO PO3MMICHHS NIepeBaXxae IPOOICHHS.

3arampHa MaTeMaTHYHa MOJAETh PyXy, HarpiBaHHS,
IPOOJICHHA Ta KOATYJIAMii IONiTUCIIEPCHHUX PpO3IUIABIC-
HUX Kparenb y MOTOLI HaI3BHYAWHO CKiamHa. B maxwmit
Yac NPUHHATHE Ui IPAKTHKU PIlIEHHS MOoXke OyTu
OTPUMAaHO JHIIE B OKpEeMUX BHIaIKax. Mopens Opob-
JIeHHS NOJNIAUCIIEPCHOTO MOPOLIKY 3aCHOBaHA Ha KOHTH-
HyaJIbHOMY MiJxofi (Harajgaemo, 10 Npy KOHTHHYaJIbHO-
My OIMCI KOXKHa YacTWHKa (pakuii HIOM BH3HAYa€E BCIO
(pakuito 1 posnaj YaCTUHKH EKBIBAICHTHHH pO3Maiy
BCiX 4acTHHOK i1 ¢pakuii). L{s Monens nae 3Mory BcraHo-
BUTH TOJIOKEHHS TOYKH JPOOJIEHHs pO3ILIABIEHOI YacTH-
HKH. Xy, PPAKUIHHUA CKIA/ yIaMKiB, 3HAHTH DIBHIKICTH
1 TeMmepaTypy YacTWHKH Ha MIUISHIN BiJ TOYKH ii IJIaB-
JEHHA Xy, 1O Xy 3QTEKHICTh CTaHY AUCTIEPCHOTO TIOTO-
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Ky, 0 PYXa€ThCs 3 BENMKHM KOB3aHHSM Y IUIa3Mi, BiX
PpO3MipiB PO3IUIaBICHUX Kpalelb HaBEJCHO Ha puC. 6.

s. MKM
F
175 |

150 |
125
100 |
75

50 |

25 | 1

L L L .

0 1 2 3 v-107% w’(:'

Pucynok 6. Cran qucnepcHoi (as3u B oTomLi TU1a3MH [IPU BUIIA-
poByBaHHI —1 1 apobieHHi —2

[Tynbcauii HeCcy4oro nMoToKy Ijia3Mu MOKYTh 1HTEH-
cuikyBaTtu ApoOJICHHS PO3ILIABICHUX YaCTUHOK MOPOIII-
Ky. JpoOyieHHs1 Kpallellb CTUMYJIOEThCS NPU PE30HAHC-
HUX KOJIMBaHHIX CepeloBHINA i camoi Kparmm. OIiHKH
MOKa3yI0Th, IO Ha PEXHMax, 10 peaji3yloThcs B IUIa3-
MOTpPOHaX i3 CaMOyCTaHOBIIIOBAJILHOIO AYT0I0, BHACIHITOK
Iy TTBCAIlii TapaMeTpiB APOOIICHHS Kpareib BiZ0yBaeThCs
3a MEHIIOr0 3Ha4YeHHI KPUTUYHOTo 4ucia Bebepa, HiIX y
CTalioHapHOMY IOTOIi. B3araimi apiOHI YaCTHHKU po3Mi-
poM 1o 50 MKM HE po3mamarOThCS, a MEJEHi, HePaBUIIb-
HOI (opMH, CTalOTh ChepuIHUMHE. [T YacTHHOK po3Mi-
pom monax 60 MKM i3 MaTepiaiiB i3 HU3BKOI TEILIONPO-
BIZIHICTIO JApOOJICHHS BiJOYBAa€TbCS 3a DPaXyHOK 3pHBY
BUCOKOILIBH/IKICHUM TIOTOKOM IIIa3MH MPUKOPJOHHOTO
mapy posmiaBy (puc. 46). BuHeceHHs Macu piguHH 3
nepudepifHoro MPUKOPAOHHOTO Iapy BH3HAYAETHCS
LIBHJIKICTIO KOB3aHHSI, TEMIIEPATypOI0 PO3ILIaBY i PO3Mi-
pOM YacTHHKH. Po3man 9acTHHOK 3 BHCOKOIO TEIUIOIPO-
BIJIHICTIO BiIOyBa€eThCs 3a PaxyHOK SIK ixHBOI nedopmartii
1 moztiy Ha /Bi a00 OiNbIlIE YACTHHOK, Tak 1 3pUBY NpH-
KopmoHHOTO mapy (puc. 4a, ¢). B ymoBax mia3mMoBOTo
PO3NMIICHHS IHTEHCHBHICTIO IpOONICHHS JHUCHEPCHUX
YaCTHHOK MOXKHA TaKOXX KepyBaTH LUIIXOM MOIYJISLIT
mapaMeTpiB miasmMoBoi ayru. [1masmMoTpoH mpu 1BOMY
CTa€ DKEPeoM YJapHUX XBHJIb, SIKi B3AEMOMIIOTH 3 dYac-
TUHKOIO Tix 4ac i moJpOTy. 3aJaloyd YacTOTy IPOXO-
JUKEHHSI IMITYJIBCIB CTPYMY, IINAapyBaTiCTh, MOJSIPHICTD i
aMIUTITY Ty, MOXKHA OTPUMATH Pi3HUH CTYMiHb APOOICHHS
YaCTHHOK.

VY 3araqbHOMY BHIQJIKy OOpOOJIIOBaHUH IOPOIIKO-
BHI MaTepial Ma€ BEIUKY JAHUCIEPCII0 PO3MIPIB YACTHHOK
1 3a3BUYail BBOAWTHCS Yy BHCOKOTEMIIEPATYpPHY YaCTHUHY
TUTa3MOBOTO CTPYMEHs 10 HOpMau J1o ii oci. YacTHHKH
pi3HOTO AiamMeTpa MaroTh Pi3HI TPaeKkTopii pyxy 1 pi3Hi
yacu TiepeOyBaHHSI y BHCOKOTEMIEpATYpHIA YacTHHI
cTpymuHH. Lle MPU3BOMNTH [0 Pi3HUX YAaCOBHX 1 TEMIIe-
paTypHHX icTOpiif YaCTHHOK, Ha SKHUX BiOYBAIOTHCS TaKi
cTaii: HarpiBaHHs TBEpIOi (Gas3u, IUIABICHHS, HArPiBaHHS
pinkoi dasu i yactkoBe abo moBHe BumapoByBanHs. Lli

eTanyd MOXXHa BBaXXKaTH IOCIIJOBHUMH JUIs MaTepiajiB 3
BHCOKOIO TEILIONPOBimHICTIO (st amomiHiro 236 Br/m K).
[IBuakicTs TeruONEpenadyi 4epe3 NPUKOPIOHHHUH Imap
MPONOPIiiHA TUTON[I MOBEPXHI YAaCTHHKH, TOJI SK KiTb-
KicTh MaTepially, IO HarpiBa€Thcs, MPOTOpIiHA HOTO
00’emy. Tomy TpUBaNiCTh KOKHOI 3 IIMX YOTHPHOX CTAIIH
IporopIiiiiHa aiaMeTpy 4acTWHOK. OCKIJIBKH yMOBH pO-
00TH IIa3MOTPOHY, SIK IPABHJIO, BCTAHOBIIOIOTHCS VIS
CepeIHBOTO Jiala30Hy PO3Mipy YacTHHOK, ApiOHI YacTH-
HKH, IO MNOTPAIMIM B MOTIK, MOXXYTb BHIIAPOBYBATHCS
4yepe3 KiJibKa MUTIMETPIB NOA0pOXKi. 3MIllyBaHHS Mapu 3
IUIa3MOBUM Ta30M MOXK€ 3MIHUTH HarpiBaHHs IHIIUX
yacTuHOK. Konm Ttemmeparypa HaiOUIBIINX YaCTHHOK
anrominipo jocsrae 2500 °C, po3paxyHKOBa 3arajbHa
KiJIbKiCTh BUNapyBaHoi Macu gopiBHioe 100%. Monexynun
napy NMOBHHHI JAU(PYHAYBATH 4Yepe3 MPUKOPAOHHUH Inap
IO 0TOYYe po3IuiaBieHy chepy puc. 7a [40].

Posnnasnexa
HacTUHKa

Mnaama

PucyHok 7. BunapoByBaHHs YaCTHHKH B IIJIA3MOBOMY CTpyMe-

Hi: @ — MOZIGJIIOBaHHS TEMIIEPATYPHHUX IIOJIB Ta JiHIl Teuil razy

B 00J1acTi O1J1s1 MOBEPXHi KparuIi B MOTOII TUIa3MK; 6 — 3{yBaHHS
napHu 3 MOBEPXHi PO3ILIABICHOT KPaIlIi B MOJIBOTI

B iHepTHOMY Ta3i THCK HapiB MeTaly HaBKOJO KyJi
3pocTae i MBHAKICTh BUIIAPOBYBAHHA, SKIO OCIIA0JIcHA
mudy3ist, 3MeHIIyeTbes. [loBemiHKy XMapH mapiB HaBKOJIO
YaCTHHKU B TUIA3MOBOMY CTPYMEHi (pHc. 70) MOCHIIKY-
BaJM EKCIIEPHMEHTAIFHO METOAOM EMiCiiHOi creKTpoc-
KOTIil 32 BHIIPOMIHIOBaHHAM 30YDKEHHX aTOMIB MeTaly i
gucenbHUM MozenmoBaHHAM [41-43]. CTpyMiHb m1a3mMu 3
MUJIOBUMH YaCTUHKAMHU JOCIHIKEHO 32 JIOMOMOTOI0 MY-
JBTHTIAPOTUHAMIYHOT MOJIEINI, SIKa BPAXOBY€ BIUIMB €JICK-
TPUYHOIO TMOJII Ha JWHAMIKy 4YacTHHOK muiy [44].
JloCHiIKEeHO TPOCTOPOBI PO3MOAITH YAaCTHHOK IMWITY Ta
TXHIX MIBUAKOCTEH y IJIa3MOBOMY CTpyMEHI IpH Pi3HHX
CTyNEeHsX i0Hi3awii 11a3mMu, ryCTHHaX IJ1a3MU Ha BXOJI Ta
po3Mipax NHUIOBUX 4YacTHHOK. Iloka3aHo, 110 TP BENU-
KOMY CTymeHi ioHi3armii mrasmu (oo > 0,001) mBuAKicTh
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YaCTHHOK Iy CYTTEBO 3MEHIIIY€ETHCS MTOPIBHAHO 3 BHIIA-
JIKOM CJ1a0KO10HI30BaHOTO IJIA3MOBOTO ITOTOKY BHACIIIOK
IXHBOTO TaJbMyBaHHS €JICKTPUYHHUM IIOJIEM.

Jnsa toro, mo6u 3abe3rneynTy BUIAPOBYBAaHHS dac-
THUHKH, [TOBHA YHCTA CHEPrisl, Ky BOHA MOTJIMHAE MMOBHH-
Ha OyTH OLNBLIOIO, HK cyma eHeprii, HeoOXigHol uist
HarpiBaHHsl O TeMIIEpaTypy BUIIAPOBYBaHHs, Ta ii mpu-
XOBaHOI eHepril IUIaBJIeHHs 1 BUIIapoBYBaHH:. PrucyHok 8
UTIOCTpY€e TakWii aHalli3 EeHepreTHYHOro OanaHcy JuIst
IIa3MOBOT'O BUIIAPOBYBAHHS YACTUHKH B IOJIBOTI.

Qll(‘[ = q‘.l' =

= ha(T_~T,)-eca(T!~T?)

For complete
vaporization

[iQ,. dt>mC (T-T)+m\_

Pucynok 8. Anani3 temoBoro 6anaHcy npH IJ1a3MOBOMY BH-
MapOBYBAaHHI IIOPOIIKIB B IMTOJILOT1, IO NOJAOTHCA B INIa3MOBY
cTpyMuHy [45]

B peanpHOMY TpoIrieci mpocTOpOBi pO3MOILUIH TTapa-
METpIB IDTa3MH Ta YaCTHHOK, OTPUMAaHI B Pi3HI MOMEHTH
yacy Micis iHKeKIii MeTaleBUX YaCTHHOK B IUIa3MOBHI
CTPYMiHb /10 TIOBHOTO BHIIAPOBYBAaHHS 3HAYHO BiIpi3H-
10ThCsL. 151 BAOCKOHAJIEHHS] CUCTEMH INIa3MOBOTO CHHTE-
3y HAHOYACTHHOK JY>KC BaXKJIMBO MapaMETPUIHO YTOUYHU-
TH XapaKTEPUCTUKHU JucnepcHoi ¢a3u y nonboti. OCHOB-
HUMHU IMapaMETpaMu, 110 BIIJIMBAIOTHL Ha HOBC}IiHKy qac-
THHOK, € JiaMeTp YacTHHOK, HIBHIKICTH BIIOPCKYBaHHS
MOPOIIKY, IIBUAKICTh OTOKY, TEMIIEpaTypa 1 CKiIaj Iuia-
3MOBOTr0 rasy. Ha ocraHHbOMy erarti, KOJIM HOYMHAETHCS
BUIIAPOBYBAHHS, YaCTHHKH TPAHCIIOPTYIOTHCSA y CyMiIi
3MIHHOTO CKJIaly 3 IU1a3mMoBoi atMocdepu 1 mapu. Komn
BiIOyBa€eThCsl BHUINAPOBYBaHHS (pHcC. 70), NEpeHECCHHs
MacH BiJI IOBEPXHi YaCTHHOK JI0 IIa3MOBOTO a3y 3MEH-
mrye e(peKTUBHY TEIUIOBiAIady: €HTAJbIIs, CIPSIMOBaHA
JI0 TIOBEPXHI BUKOPUCTOBYETHCS AU 3a0C€3MCUCHHS IPH-
XOBaHOI TEIUIOTH BUNAPOBYBAHHS 1 Ul HarpiBaHHS Iapu
B mpuMexoBomy Imnapi. Judysis mapu 3MiHIOE Tra3oBHi
CKJIaJI TUIa3MH 1, OTKe, 11 TpaHCcTopTHI BiacTuBocTi. [ToTik
BHIIAPOBYBaHHs 3pocTae 3 19.7 1o 35.5 kr/mM%, Konu TeM-
meparypa rasy 3poctae 3 5500 mgo 7500 K [41]. EBonrorrist
TEeMITEpaTypH B3JI0BX XMapH ITapy HaBKOJO YaCTHHKH Ha
PI3HHX BiJICTAHSX BiJl TOYKH iHXKEKIl HacTymHa. Y sapi
TUTa3MOBOTO CTPYMEHS TEMIepaTrypa HE 3MIHIOETBCS 1
pi3Ko 3MeHIIyeThesa 3a i Mexxamu. BusHaueHHs pafiyca
XMapyd Tapy, M0 OTO4Yy€e OKpeMy YacTHUHKY (CKiIajgae
JeKiTbKa MIJIIMETPiB) HE JO3BOJISIE BBAYKATH MOXIIUBICTH
TIOBHOTO BUIIAPOBYBaHHS B OTOUYCHHI IUia3mu. Temneparypa
B 30HI audy3ii Maibke omHOpiIHA, ONM3bKa 10 TeMIIEpaTypH
IUIA3MOBOTO TOTOKY, @ TOBLIMHA AU(Y3IHHOI 30HH MOXKE
MIEPCBUIIYBAaTH PAJiyCH YaCTUHOK Y JICCATKH pa3iB [46].
Peanizanist onTMansHOi cHTYaIlii, KOJI HarpiB i BUNApOBY-
BaHHs BUIEPEDKAIOTH 3MIIIyBaHHS Hapy 3 IUIA3MOIO, JI0-
3BOJIUTB BECTH ITPOLIEC Ha MiIBUIIEHIH MPOIYKTUBHOCTI.

Oo6rosopeHHst

CTOCOBHO TPOTYKTHBHOCTI OTPHMAaHHS HaHOATIOMi-
HII0 Ha TEMEpIlTHIi Yac CHUTyaIlisl BUIJISIAE HACTYITHHM
guHOM. TepMiuHa AyroBa Iia3Ma npsMoi Jii 3 BUIapoBy-
BaHHsAM amtomiHieBoi nmapu B peaktopi (TAPR) (BupoO-
nuk: TEKNA Inc. Canada) [47] npu onTtuMaibHi#i moTy-
*HocTi 22 KBT mo3Bosisie orpumyBatu 50 r/ron HaHOa-
JIFOUIHIIO 3 po3MipoM 9acTok 50-250 HM.

B ycranoBui Thermal Plasma Nanopowder
Synthesis System TP 40020NPS smoHCBKOi KOMIaHii
JEOL Ltd [48] BUKOPHCTOBYETHCSI CTpyMEHEBa TEPMidHA
IuIa3Ma Ha OCHOBI aproHy 3 J0OABKOIO IHIIMX ra3iB, TAaKHUX
SK KUCEHb, a30T 1 BOJICHb. Y CTPYMiHb IUIa3MH BBOJSTH
CHUPOBUHHI MaTepiany y BUTJAAI IpiOHUX YaCTHHOK 3
PO3MIpOM IIECATKH MIKpOH. Y IDIa3Mi BiZOyBaeThCs IXHE
TUTaBIICHHS, BUMIAPOBYBaHHA 1 XimiuHi peakii. [TepeTBo-
PEHHA Ha KIHIIEBUH TPOAYKT BiAOyBAa€THCS MHUTTEBO.
MaxcumansHa TOTYKHICT ycTaHOBKH 6 KBT. [IpoaykTu-
BHICTh — 0,1 — 1 T/XB 3aJIe)KHO Bij] BJaCTHBOCTEH MaTepi-
aiy.

HuninHi MeToanM BUPOOHUIITBA HAHOMOPOUIKIB J0-
porosapricHi i ctanoBiaTh 30 000 monapis CIIIA 3a 1 kr.
Haii6ineimr notyxHa ycranoBka (1o 200 kBrt) Teknano-
200 Plasma Nanopowder Synthesis kaHaIChKOT KOMIaHii
«Tekna» Ha OCHOBI IHAYKIIHHOI MIA3MOBOI TEXHOJIOTII 3
pobounmu razamu (Ar, Oz, Na, Ha, He i 1. 11.) 3a6e3neuye
MPOJIYKTUBHICTh 10 KUIBKOX KI/TOJl HaHOMAaTepiaiiB 3a-
JIOKHO BiJ 1X BiactuBoctedt [49]. HakomudueHuit nocBin
aBTOpIB CTaB OCHOBOIO JUIsl MPOEKTYBaHHS €()EeKTHBHUX
MIPOMUCIIOBHX BUPOOHMITB MOPOILIKIB 3 BUKOPUCTAHHIM
TUIa3MOBUX PEAKTOPIB Ha 0a3i eJIEKTPOJYrOBOTO IJIa3MO-
TPOHAa 3 BHIOTOBJIECHHSM IUIA3MOXIMIYHHUX YCTaHOBOK
CHHTE3y HAHOIOPOIIKIB MPOAYKTHBHICTIO 17 Kr/rox mpu
MOTY>XKHOCTI TazMotpoHa 250 kBT [35].

BucHoBku

AJIOMIHIEBHH MaTepial Mae XOpOIIi BIIACTHBOCTI
JUISL 3aCTOCYBaHHS, OCOOJIMBO SIKIIO BiH BHI'OTOBJICHHUH Y
BUTJISIAI HAHOYACTHUHOK. IcHye moTpeba B OLIBII [1emIeBo-
MY TpoLeCi sl BAPOOHHIITBA HAHOATIIOMIHIIO.

OuikyeThbes, IO TEpMivHA I1a3MOBa 0OpoOKa 3po-
OWUTh 3HAYHMI BHECOK y MPOLECH OTPUMAHHS 1 LIMPOKO-
MacuTabHOTO 3aCTOCYBaHHS HaHOYACTHHOK. Bucokorpo-
JYKTUBHHUH CUHTE3 (PyHKIIOHAIBHMX HAHOYACTHHOK MO-
JKHA pealli3yBaTH 3a JIOTIOMOTOK TEPMIYHOI ILIa3MOBOT
00poOKM BHXIZHOTO Marepially OCKUIBKM TeMIlepaTypa
CHHTE3y HAaHOYAaCTMHOK Ha0araro BHWINAa HDK y IHIINX
METO/IiB.

KirogoBoro mpo0ieMoro Ajisl MiIBUIIEHHS HPOIyK-
TUBHOCTI € IIBUKICTH BUITAPOBYBAHHS YAaCTHHOK 1 TIOB'SI-
3aHWH 3 HEIO eHepreTHdHui OamaHc. Pesynpratn aHamizy
MOKa3yloTh, IO EHEpris, sKa BTpaYaeThcs Ha 00’eMHe
BUIIPOMIHIOBAHHSI XMapH IUIa3MU/TIapu MeTaiy, € HaiBa-
MITUBIIIOI0 €HEPTeTHYHOIO MOTPEOOI0 MPOIIeCy, 1 SKa .

HacrymnHi 3ycusuist HeOOXiTHO IPUCBITUTH PO3BUTKY
MOBHOI IJ1a3MOBOT CHCTEMH BUPOOHUIITBA HAHOAIIOMIHI€E-
BOTO MUY, SIKI MOXYTh 3a0€3MEUUTH IIIIbHUI PO3IOJIiT
3a po3MipaMH Ta 3a0e3MEeYUTH BUCOKY MPOTYKTUBHICTb.
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Purpose. To study the highly productive evaporation of aluminum micron powder in an atmospheric pressure
plasma jet for the synthesis of nanoaluminum. Using special plasma technology, nanoparticles can be produced by
rapid melting and evaporation of the initial micrometer particles and their subsequent re-nucleation.

Research methods. Methods of mathematical and computer modeling of subsonic plasma turbulent jets at atmos-
pheric pressure and experimental studies of two-phase processes during thermal plasma treatment using an arc plasma
torch.

Results. Based on computer modeling, a special reactor system was designed and developed, which includes a
plasma-jet reactor with an electric arc plasma torch for the synthesis of aluminum nanoparticles. Numerical modeling
makes it possible to determine the position of the melting point, evaporation and crushing of a molten particle, the evo-
lution of the fractional composition of the dispersed phase, and find the speed and temperature of the particle in the
area from its melting point to the crushing point. An experimental test of the operation of the reactor system was car-
ried out using arc plasma torches with a power of 30 and 150 kW. It has been shown that intensifying the fragmentation
of dispersed raw materials in a plasma jet can be useful in technologies for producing nanomaterials. The consequence
of the fragmentation process is the redistribution of the fractional composition of the powder along the plasma jet and
the accompanying changes in the dynamics of movement, heating and evaporation of particles. It has been determined
that when the temperature of the largest aluminum particles reaches 2500 C, the total amount of evaporated mass is
theoretically equal to 100%. The main parameters influencing the behavior of particles in a plasma jet are particle
diameter, powder injection rate, flow rate, temperature and composition of the plasma gas. Taking these parameters
into account will allow the process to operate at increased productivity.

Scientific novelty. A mathematical description of the process of fragmentation a polydisperse powder, based on a
continuum approach, has been obtained, which makes it possible to determine the position of the crushing point of a
molten particle, the fractional composition of the dispersed phase, and find the speed and temperature of the particle in
the area from its melting point to the point of crushing and evaporation. It was shown for the first time that it is possible
to carry out a process in which complete evaporation of a molten drop is achieved due to the high enthalpy of the plas-
ma before the end of mixing with steam.

Practical value. A special reactor system has been designed and developed, which includes a plasma-jet reactor
with an electric arc plasmatron for the synthesis of aluminum nanoparticles. The operating parameters of the reactor
system have been determined, which will allow the synthesis of aluminum nanoparticles to be carried out with high
productivity.

Key words: nanopowders, aluminum nanoparticles, plasma, plasma reactor, plasma jet, mathematical modeling.
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A1 ZKOPCTKOI'O TIVTA HA BHYTPIIITHIO ITOBEPXHIO
TOBCTOCTIHHOT'O BIMETAJITYHOT'O UJIIHAPA

Mema pooomu. Ompumanis MOYHO20 PO38 A3aAHHS 3a0aUi PO HANPYICEHO-0eOPMOBAHUL CIMAH 0062020 MOBC-
MOCMIHHO20 OIMEMANIYHO020 YULIHOPA 8 PAMKAX KIACUYHOT meopii NpyJjiCHUX Mamepianie, a NOMim, 6UKOPUCHIOBYIOYU
OMPUMAHi NpU MAxiv NOCMAHOBYL Pe3yibMamu, 3anponoxHyeamu 6ibul NPOCMI THICEHePHI NIOX00U i OOCTLOUMU MOIC-
AUBOCMIT BUKOPUCAHHS ACUMNIMOMUYHUX POPMYIL Ol eKCRpec-aHanizie na cmaoii npoeKmysantsi maKux eiemMenmis
KOHCMPYKYIU.

Memoou docnioxncennsa. [{ns 0CHO8HO20 Mina YUniHOPA BUKOPUCIOBYIOMbCS KLACUYHI PIGHAHHS MeOPii NPYIHCHO-
cmi y nepemiweHHsx. [ 308HIUHbO20 NOKpUMMsL (HANULEHHS) 3aNUCYIOMbCsL PIBHAHHS Meopii 00010HOK, AKI IDYHMY-
tomuvesi na einomesax Kipxeoga-Jlasa. 3acmocogyemubcs komnaekcne inmezpanvue nepemeopenns Dyp’c ma memoo
Daiinona onst HAOIUICEHO20 3HAXOOIICEHHS OPULTHANIE HANPYICeHb | nepemiuyers. Takodic UKOPUCMOBYIOMbCS ACUMN-
MOMUYHI NOOAHHA YULIHOpUUHUX yHKYIU Beccena onsa éenukux sHaueHv apeymenmy ma NOOAHHS HEGIACHUX iHme2pa-
71i8 Y 8uU2i0i KOMOIHAYT eleMeHMAPHUX Ma CReYyianbHUX maodyibo08anux QyHKYiil.

Ompumani pesynvmamu. [1oOyoosara mamemamuyHa Mooeib 018 AHALI3Y HANPYHCEHO-0eOPMOBAHO20 CIAHY
OimMemaniuHo2o YUNiHopy 3 MOHKUM 306HIUHIM WAPOM 3 IHUI020 Mamepiany Hidxc mamepian Hympiunboeo wapy. 3a-
NUCaui pi3Hi epaHuyHi YMO8U HA BHYMPIWHIL NOBEPXHI YUNIHOPA, AKI ONUCYIOMb nepedady 8i0 HCOPCMKO20 mina abo
3a0anux 3ycunv, abo 3a0aHux nepemiujens. [[na ycix po3enAHymux 8apianmis 3a 00NnoMo2010 Memooy iHmezparbHux
nepemeoperb pe3yibmamu OMpUMAaHo y ueiaoi HeelaACHUX iHmeapanie, O 00UUCIeHHS AKUX 3ACOCO8AHO Cneyidlb-
HULL Memoo, OpPIiEHMOBANULL HA OOYUCIEHHA THMe2Pais i3 CUTbHO ocyuatoYumMu QyHkyiamu. Hasedeni npukiaou KOHK-
PemHux 2papixie sMiHU KOMNOHEHM HANPYNCEHO-0epOopMOBAHO20 CMAHy 6 mamepiani yuninopa. B zanexcnocmi 6i0
VMO8 HA GHYMPIWHINI NOBEPXHI YUNIHOPA, 3aNPOROHOGAHI OLlbUlL NPOCMI MOOeli O/l ONUCY OCHOBHO20 MIA, SIKL [DYH-
MYIOMbCsL 8 3ANEHCHOCMIE 6I0 XaApaxkmepy ONUCY 83AEMOOLL HCOPCMKO20 MINa | YUiHOpa HA OOHOMY Di6HsiHHI meopil
npyachocmi. Ilpu makomy nioxooi HeenacHi iHmezpanu 0OepHeHHs 8 0eKUX BANCTUBUX GUNAOKAX 80ANIOCS 3d OONOMO-
2010 ACUMRMOMUYHO20 NIOXO0Y OMPUMAMU 8 3AMKHYMOMY 6Us0l, AK KOMOIHAYII0 eneMeHmapHux i CneyiaibHux ma-
oynvoganux Qynxyiil. IlopieHanHs 3 MOUHUM NIOX0OOM O0380AUNO O0BECHIU MONCTUBICMb BUKOPUCTNAHHSL HAOTUNCEHUX
MoOeretl.

Haykosa nosusna. I1o6yoosana modenv nogedinku OimMemaniunoeo yuiiHopa AK miid, OCHOBHUL Wap K020 ONuU-
CYEMbCA PIBHAHHAMU MEOPIi NPYIHCHOCI, a OJis 308HIUHLO20 NOKPUMMIA BUKOPUCTIOBYEMbCL Meopisi 00010HOK. Po3se-
JAHYMI Pi3HI cnocobu onucy nepeodaui Ha GHYMPIUIHIO NOBEPXHIO YULIHOPA 3YCUNb | NepemMiljeHb 8i0 HCOPCHmKOo20 mind.
Toxkazano modcugicms UKOPUCMAHHSL ACUMNIMOMUYHO20 NIOX00Y OJisl OMPUMAHHSL NOPIGHSIHO RPOCMUX hopmyn OJis
npoeedenHs nonepeoHix po3paxyHKie Ha cmaoii NPoeKmy8anHs MaKux eleMenmie KOHCMpPYKYIU.

Ilpakmuuna yinnicms. Ompumani 6 podomi opmyau, epadixu i aneopummu po3pPAxXyHKY MOAICYMb GUKOPUCTO-
8y8amucs 8 npakmuyi pooomu nPoeKmHUX opeanizayill, AKi 3aUMaomsvcs 6YpUTbHUMU YCMAHOBKAMU, MA2ICMPATbHUMU
mpybonpogooamu, apmuiepiticokumu cmgoramu. Ocobnugo 8axciugo, wjo Oami pe3yrbmamu pooomu Moxcyms oymu
BUKOPUCMAHI OJIs1 MAK 36AHUX eKCNPeC-aHalizie i NonepeoHbol OYiHKuUL.

Kniouogi cnoea: meopis npysicnocmi, inmeepanivhi nepemeopenHs, HanpyiCenHsl, nepemiujents, spanuymi ymosu,
acumMnmomuiHe noOaHHsL.

30BHIIIHINA iaMeTp SIKOTO CHIBIAJA€ 3 BHYTPIIIHIM Jia-

Beryn . . .
MeTpoM IMJIiHApa. Bix BicecUMeTpUYHOIo KOPCTKOTO

Posmismaerhest craTMyHa 3ajada Ipo HAMpPYKEHO-
nehopMOBaHUI CTaH HECKIHYEHHO [OBIOro LUIIHIpA,
BCEpEMHI SIKOTO 3HAXOMUThCS aOCONIOTHO TBEPAE TINO,
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Tija Ha MIJIHIP TePeNaEThes ad0 MPOIOBKHA TOMEPEYHA
B3aemonis (3a1ada A), abo obepTaibHi 3yCHIUIS UM Tiepe-
MimeHHs (3aga4a B). 3a3Haumumo, o 3a/1adi TaKOTO BHILY
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BUHUKAIOTh IPU MPOEKTYBAaHHI 1 PO3paxyHKy apTHIepiii-
CBKHX CTBOJIiB, OANICTHYHUX yCTAHOBOK, OOCaIHUX TPYO
B OypHWJIBHHX YCTaHOBKAaX, MariCTpaibHUX TPYOOIPOBOIB
IIPH pyci OYMCHUX TiN i1 Take noxpiOHe. Panime B pobotax
[5, 6, 8] po3mIsAHYTI cTallioHapHI AWHAMIYHI 3aja4i Ipo
PyX 31 CTaJOI0 MIBUAKICTIO B3IOBXK IMJIIHIpA JUCKY, IO
o0epTaeThes, a B poborax [3, 7] 3amadi mpo pyx TaHTCHITia-
JIBHOTO HAaBaHTA)KEHHS B LIMJTIHIPUYHIA TOPOKHKHI B HEOO-
MEKCHOMY TPY>KHOMY cepezioBuiili. Podota [2] mpucBsucHa
CTAlliOHApHIM  JAWMHAMIYHIA  3aJa4i  1pO  Hampy>KEHO-
nedopMoBaHHii CTaH, KU BUKIMKAETHCS B IITIHAPI PyXOM
a0COITIOTHO TBEPAOTO TiNa.

Mera pobotn

Mertoro AocmimKeHHS € To0yZoBa MaTeMaTHYHOL
MOJeNi IS aHaNi3y HamnpyKeHO Ie(QOpMOBaHOTO CTaHY
TOBCTOCTIHHOTO IWIIIHApPA, MiJKPIIJICHOTO Ha 30BHIMIHIM
NOBEPXHI 1IAPOM MIILHIIIOr0 MaTepiany, KOJW Ha BHYT-
PIIIHIO TOBEPXHIO MEPEAAIOTHCS 3YCHIUII abo mepemi-
LICHHS BiJ >KOopcTKoro Tina. s moOymoBu mojeni Oy-
JyTh BUKOPUCTOBYBATHCS YiTKi PIBHSHHS TEOpil IPYKHO-
CTi IJI1 OCHOBHOTO TiJla LIWJIIHIpa Ta DIBHSHHS Teopil
00OJIOHOK ISl ONMCY TOBEAIHKH TMOKpHUTTA. HeobOximHo
PO3MIISTHYTH Pi3HI BapiaHTH IPaHUYHHX YMOB Ha BHYTpi-
IIHIH TOBEpXHi, a TaKOX pO3POOUTH  aJITOPUTM
pO3B’s3aHHA 3a/adi, MO IPYHTYETbCS HA BUKOPUCTAHHI
iHTEeTrpaIpbHOTO TepeTBOpeHHs Dyp’e Ta CHEiaTbHOTO
mpuiioMy 11 009HCIeHHs iHTerpaniB 06iry. Kpim toro, mo
MeTH JOCTIHKEHHS MOYKHA BiTHECTH MOOYIOBY CIIPOIICHUX
Mojeell TIOBEIIHKY IMIIHIpa Ta BUKOPUCTAHHS MPOCTHX
IKeHepHUX (OpMyYJT IUIS eKCIIpec-aHami3iB Ie Ha erami
npoekTyBaHHs. [Ipy IbOMy TOYHI pe3yNbTaTH MOXKYTh OyTH
BUKOPHCTaHI SK €TaJOH i1 OIIIHKH MEX 3acTOCYBaHHS
Pe3yJIbTaTiB ACHMIITOTHYHOT'O MiAXOTY.

MarepiaJ i MeToauKa q10CaiTKeHb

PosmisnaeTbest HECKIHUEHHO JOBIMH LUJIHAP 3 BHY-
TPILIHIM PajiiycoM a, 30BHILIHS HOBEPXHS SIKOTO pajiyca
b mokpUTa TOHKMUM IIapOM IHIIOTO Marepiaiy. Beepemuri
LWIHAPAa 3HAXOAMTHCS BiCECHMETPUYHE aOCONIOTHO
JKOPCTKE TiJI0, BiJl IKOTO HAa BHYTPIIIHIO TIOBEPXHIO ITHITi-
HIpa TepemaloThCs 3afaHi 3ycwurid abo 3amaHi mepemi-
mieHHs. PO3MIsSHYTI pi3HI TpaHUYHI YMOBU Ha BHYTpIMIHiI
MMOBEPXHI, & TAKOK Pi3HI MOJICII I OMHCY HAIpPyKCHO-
nehOpPMOBAHOIO CTaHy Marepiany MUIIHIpa.

PosmisHeMo cmowaTky Tak 3BaHy —IPOJOBXKHO-
MOTIEPEYHY B3aEMOJIIIO Tijia IMTIHAPY, KOJIH BiJl KOPCTKOTO
TiJIa Ha IWIHIP MePealoThes 3yCHIUIL a00 MepeMilllCHHS
B paJiaJbHOMY 1 BICEBOMY HalpsIMKaX.

PiBHOBary OCHOBHOTO Tijla IMJIIHAPA ONMUCYEMO Kia-
CHYHHMMHU PIBHAHHSIMH TEOPil MPY>KHOCTI y NMepeMillleHHIX
[1, 4], ski TS BiceCUMETPUYHOT 3a/1a4i 3aIUCYOThCS TaK

00 0o
(?\,1+2H1)5+2M16—x¢:0,
00 10
(7\1 + 2}11)5—2}“ 75(7"6%)): 0 .
e_li(’"Url)+_ale >
ror ox
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_aUrl _ale
o x or
Ev E,
N = V1 _ 1
T ev)i-2v,) M T 20

>

(M

Tyr U, 1 U, — nepeMillieHHs TOYOK LIIIHIpA y Ha-
npsMKax paaiyca i oci, E;, v, — MOAynb HpPYXHOCTI 1

koedinienT [Tyaccona marepiany nuiiHapa.

o°U, LYW _1-v,

x°

ox* b ox 2u,
v,0U, ho‘w, W, 1-v,
22+ ——24+2=—2(q,-p) @
b ox 12 o B 2mh (9.~ »)

ne U,, W, — nepemileHHs y HanpsiMKax oceil x 1 7 muti-
HAPUYHOI CHCTEMH KOOPIMHAT, ¢,,q, — OCbOBE 1 pajia-

JTBHE 3yCWIUIS, SKI MEpeNaroTbcs Ha IOKPUTTS 3 OOKy
OCHOBHOTO Tilla IIWIIHApA, /i — TOBIOWHA IIOKPHUTTS,
V,, W, — MEXaHIYHI XapaKTepPUCTHKN MaTepialy MOKpUT-

TSI

3a3HayMMO, 110 KOHTAKT MIDXK IIapaMH LMIIHIPA JBO-
CTOpPOHHIH (BiZicTaBaHHS BHKIIIOYA€ThCS) 1 BiIOyBaeThCs
M0 CepeIUHHINA MOBEpXHI 00OJIOHKH, pajiyc sKOi, Bpaxo-
BYIOYH MAJIiCTh TOBIIWHH MOKPUTTA /4 CIIBIANA€E 3 30BHi-
ITHIM PajJiycoM OCHOBHOTO Tija IMITIHApA.

I'panndHi YMOBH KOHTAKTy MK IIapaMy 3alHCyIOTh-
cs y Takiit opmi npu » = b

U,=Uy,, W,=U,,

Gy =74y> Oy =G

3)

Po3rmsiHyTi pi3HI BapiaHTH TpaHUYHUX YMOB Ha BHY-
TPINTHIN TOBEPXHI IMWIIHAPA, 30KpeMa, SIKIIO Big KOPCT-
KOTO TiJa TepeJaroThcs ONHOYACHO pajdiaibHI 1 BiceBi
3yCHILIS, TO OyA€MO MaTH TIpH F=a

—4(x).

SIKI1o mepeaaeThCsl JIMIIE OJHE i3 IUX 3yCHib, TOII
pu ¥ = a

“)

Cp = _p(x): G =

G, = —p(x), G, =0. 5)
npu ¥ =a

(6)

Konm Ha BHYTpIIIHIO MOBEPXHIO BiJ KOPCTKOTO Tijla
NEePEAAOTHCS epPEeMILIeHHs 1 He TepelaroThCs 3yCHILIS,
TOJI TIPH ¥ = @

Urr = fl(x)’ Uxx = f2 (X) (7)

Amnanorigdo (5) i (6) MOXXKHA 3amycaTé YacTHHHI BH-
HaJKH TAKUX YMOB.
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3a3Ha4nMoO, IO SIKIIO BPaxXOBYBaTH JIMIIE paliaibHi
3ycwuId abo MepeMilleHHs, TO JOCTaTHBO TOYHO IMOBEi-
HKY OCHOBHOTO WIapy LIJIIHApPa MOXKHA OIMCYBAaTH Ha-
ONIDKEHOI0 MOJIEIUTIO, Y AKIM BpaXxOBYETHCS JIMIIE paiia-
JIbHI iepeMinieHHs. Toai MaeMo Take piBHSHHSI piBHOBaru

azUrl + 1 aL]rl _ Url

o* r or  #?

[l azUrl —
M ox’

0. (8

PiBHsiHHs (8) cTaHe 11e OUIbII MPOCTIIIUM, SKIIO MO-
JICITIOBAaTH TiJI0 CHCTEMOIO, IO CKJIaJeHa 3 OUCKIB, HE
MIOB’I3aHUX OAMH 3 OJHUM 3a KOOpAHHAaTOIo X. [ Takoi
MoJIei 3aMicTh piBHIHHS (8) OyaeMo MaTH Take piBHSIHHS

o’U,, 10U, U,
it S S— S 9
arz r or r2 ©)

3B’A30K MK HampyramMu i MepeMilleHHSIMH Y BCiX
BHIIAIKAX Y UHMTIHAPUYHIA CUCTEMI KOOPAWHAT 3aMUIIEMO
B TAKOMY BUIJISIL

oU oU U
O = (7”1 + 2”1) axXl + )‘1(—” + —rl}

or r
. = ale +8Ur1
m =l or ox J

o, =, +2u1)aU’1 +7‘1(%+£ -
or Ox r

(10)

Jlist mojanbIioro JOCHIPKEHHST Y BCIX PIBHSHHSAX
nepeieMo 10 0e3po3MIpHUX 3MIHHUX, KOJHM YCI JIiHIHHI
Benwaunu 7, x, U,, U,, Uy, U, BigHeCeHi1 10 b, pu oMy

2 . .
yepe3 ¥~ = h/b [I03HA4YEHa BiJHOCHA TOBILIMHA 30BHIII-

HBOTO ITOKPHTTSL.

Jns po3B’si3aHHS 3aa4i 3aCTOCOBYETHCS KOMILIEKC-
He iHTerpansHe neperBoperas Oyp’e ans ycix 3amaHux i
LIYKaHUX BEJUYUH Y Takii popmi

()= Jolxl s,

—o0

oe)=5- [k a
T _o

Toai y npocropi 300pakenp piBHsiHHs (1) 3anuIIyTh-
Csl B TAKOMY BUDJIS[I

0
(0 + 21, )% +2u,iE W,y =0.
v

2, d
ig(1 +2p,)0° —%;(VWO)ZO. (12)

[}
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3akon ['yka, mepernucaHuil 3 BUKOPHCTAHHSAM CIIiB-
BigHOmIeHp Komri y mpocTopi 300pakeHs 3amnucy€eThes Tak

oy _ 2V iéUg+U_9 +2(l—v1)dUﬁ)’
pn 1-2v, r 1-2v, dr
O _ 2v [dUp U; +2(1_V1)i&U,?,
u, 1-2v;{ dr r 1-2v,
0 0
dU
O 021 a0, (13)
Ky dr

[Ticnsa 3actocyBanHs niepeTBopeHHS Dyp’e piBHAHHA
(2) npuiiMaroTh HACTYITHUM BUTISA]

I-v,

2770 . V2 . 11,0 0
-&°U, +—21§W2 = 9>
x 2p,
Vy 0 X a0, 1o 1=V,
2jeuy + X gtwy + —wy = O 14
X 12 X 2pyy,

3aranpHUI PO3B’SI30K CHCTEMH 3BUYAaWHUX Iudepe-
HI[laIbHUX PiBHAHG (12) 3anmCy€eThCS B TAKOMY BUTIISII

wUy = [&”10(@”)_4(1_Vl)Il(a’”)]Cl +11(§’”)C2 +
+[erk, (&r)— 41— v, K, (Er)ICs - Ky (Er)Cy. (15)

Tyt In(x),Kn(x) — ¢ynkuii beccenst Bix ymMoBHOTO
a  QyHKIil

apryMeHTy IIepIIOro Ta Jpyroro pomy,
k= 1,4) BH3HAYAIOTHCA 3 TPAHUIHIX YMOB.

Ci(e)

Mincrasnsroun (15) B (13), orpumaeMo Bupasu s
TparchopmaHT Hampyr. Ilicns mBOTO 3aJOBONBHSIEMO Y
MIPOCTOPi 300paskeHb epeTBOpeHnM ymoBam (13) mpu » =
1 i 3Haxoaumo Bupaszu misa Ci—Cys yepe3 TpaHCPOPMAaHTH
MepeMilieHb 30BHIIIHBOTO mapy IMIiHAPY. Toxi MoxHa
3HAWTH 3aJISKHOCTI MK 3yCHIUIIMH Ha TPaHHI IIapiB
MWITIHAPA 1 TEePeMIleHHIMH Y 30BHIIIHBOMY IIapi, 30-
Kpema, OyZieMo MaTH Take

q; =/, "
4 A
e s (17)
/(e jZ::]det||aik||

Ae A; —anreOpaiuHi JOIOBHEHHS O CIEMEHTIB IEPLIOrO

pAAKa BU3HAYHHKA det"a,-j", a CJICMCHTH BH3HaYHHKa

3HaXOMAThCs 3a hopMynamu

ap :EJIO(Q)_L"(I_VI)II(&)! ap :11(§)§
a3 = &Ko(é)_“'(l_vl)Kl(‘ta); 14 :_Kl(g);
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as) Ty [& Io( ) (1 Vl)&ll(?‘;)l
ay = 1+§V1 11(§)§
1 (1-vi ki )
ayq = 1+v, K1(§)§
az = 1 lvl [(EJZ +4—4v1)[0(§)—§(3 2\’1)11(5:)]
= E)- 1)

g3 = m[‘izKO(a)_ 2(1 Vi )éKl (é)}

[Ticns migcraHoBKH 3ajekHOCTI (16) 1 aHamoriyHOL

3aJICKHOCTI 151 qg y piBHsHH: (14) 1 3a10BOJICHHS TTiCIs

po3B’si3aHHsT piBHAHL (14) mepeTBOpEeHUM TpPaHUYIHUM
ymoBaM (4)—(7) Ha BHYTpIIIHIA MOBEpPXHI IWIIHApA,
OTPHMYEMO PO3B’SI3aHHS 3a7adi y MpOCTOpi 300pa’KeHb.
[Ipu upomy ocrarouni ¢opmynu it TpaHCHOpMaHT
nepeMillieHb 1 Hanpyr 3aiexaTb Bill Buay QyHKUid p(x),
q(x), /1(x), f2(x) y dopmynax (4)~(7).

Jis mpukitazy, SIKIIO BBaXKaTH, IO BiJl XKOPCTKOTO
TiJIa Ha BHYTPIIIHIO ITOBEPXHIO NEPEIAIOTHCS pajialibHi 1
OCBOBI TICpEMIIICHHS, & Ha 30BHIITHIO IIOBEPXHIO TIEepe-
JAIOTHCS pajialbHi 3yCHIUIS, pIBHOMIPHO PO3MOIiIEH] 1Mo
IUITHKaX CKiHYCHHOI JTOBXWHHU 2/, a )KOPCTKE TiJI0 BBa-
JKaTH JOCTATHBO BY3BKHMM, TOZi mouisHO B (5) 1 (7) mo-
KJIaCTH HACTYIHE

plx)=poh(x,2L),

1, |x| <l
* | = * = 18
h(x, 21.) {o, |1 l.=1/b, (18)
W, U,
fl(x):ﬁ, fz(x)=1+B—2xZ (19)
a00 B TAKOMY BHUIJISLII
[&)=me M ()= (0)
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Toxi TpancopMaHTH TepeMineHb s 3akoHiB (19)
MarOTh TAKUH BUTJIS

RE)="eZe el pr-2eEe bl
a b a
VY Bumanky dopmyn (20) Oymemo matu
0 _ ZVVOOL
h (‘i)— blo? +&2
o\ 2UoB
Y(E)= i 22)

3acrocoByroun GopMyny OOCpHEHHS KOMILIEKCHOTO
neperBopenHst Dyp’e 3 BpaxyBanHsaM (21) st pajiaabHO-
rO MepeMillleHHs: OCHOBHOTO Iapy LWIIHAPA y MPOCTOpi
OpHTiHAJIB OTPHUMYEMO pE3YJIbTaT y BUIIISAI KOMOiHALT
HEBJIACHUX IHTErpaIiB

Up 17388, -
Wy "l ldet"alk ¢ " co K-
U _é
£ /Zl det"a,k " B sin(&x)dx +
J~ z sm(E_,l* ) cos(E,x)dx

* P * U,
po=——, Uyg=—2 (23)
Ky Wo
Amnanoriydi  GOpMynIM MOXKHA 3amMcaTH Ul
le’ G5 Oxys Opx

3p03yM1J10, 0 y 3arajlbHOMY BHIAJKY 3aIicaHi
BUIIlE HEBJIACHI IHTErpajd He OOYUCIIOIOTHCS aHATITHY-
HO, TOOTO pe3yJbTaTH HE MOXKHA OTPUMATH y BHUTJIAI
KOMOIHAI[Il  eJeMEHTApHUX 1 HaBiTh CICHiaIbHUX
dyskmiin. Hukdae MU MOKaXKeMo, K IS JSSIKHX OKPEMHUX
BUIIQ/IKIB MOKHA 33 JOMOMOTOI0 aCHMIITOTUYHUX TOJaHb
¢yskuiit beccens 3HaliT QopMynM UIS ManuxX 3HaYCHb
3MiHHOI X, TOOTO MOONM3Y MOYATKy KOOPIHMHAT, aie y
3araJbHOMY BWIIQJKy JUIS OTPUMAaHHS pPE3yJbTaTIB 3a
dopmynamu Bumy (23) HEOOXiTHO 3aCTOCOBYBATH HaOIH-
JKeHI YMCEeNbHI METO/IH, 30KpeMa, HaOUIbIl e(heKTHBHIM
IUIE oOCpHEHHS IHTerpanbHOro meperBopeHHs Dyp’e €
Bimomuit Metox PaiinoHa, opieHTOBaHMIA Ha OOYUCIICHHI
IHTCTPAJIB 13 CHJIBHO OCHMTIOIOYHMH IiAIHTEIPabHUMH
byHKIISIME.

B sxocTi npukiany 3a meromoM DaiiyioHa mpoBecHi
PO3paxyHKH sl TaKuX 3HAYCHb OE3pO3MIpHUX Mapa-

=v,=03, x=001, L =0,001, Uy=0. Bes-

pO3MipHa TOBIIMHA IIWIIIHAPA € = a/ b, a TaKOXX 3HAYEHHS

METpiB Vv,

koedimieHra o B 3akoHax (19), (20) BapitoBammcs. Sk
MOKAa3aly PO3PaxXyHKH, SIKIIO 00paTy 3HAYCHHS MapaMeT-

pa o B 3akoHax (19), (20) i3 ymoBH fl(l)(0,2)= f1(2)(0,2),

TOII PI3HMILI B pe3yjbTarax sl IUX 3aKOHIB Oyne Ma-
J1010.
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Ha puc. 1 HaBemeHi rpadiku 3MiHH Oe3pO3MipHUX
. . *

panianbHux mepemimens W =U,, /U, 3a TOBIIHHOIO
ouTiHApa B epetuHi x = 0, mpudomy kpuBa | Binmosimae
OWIiHAPY Oe3 30BHIMIHBOTO MIapy MOKPUTTI, 2 —
LHUITHIAPY, SKUA MiAKPITUIEHUH Ha 30BHINIHIA MOBEPXHI
TUIBbKH )KOPCTKAM MatepiasioM, 3 — HUIiHApP B aOCOIIOTHO
KOPCTKiit 000iiMi, 4 — HECKIHYEHHO TOBCTHH IMIIHID
(uMniHApPUYHA TOPOKHHUHA B TIPYKHOMY ITPOCTOPI).

0,7 0,8 09 wi
1
3

11

4 1
1,2

2
1,3
14 r*

Pucynok 1. Po3nozin pamiaibHUX MepeMillicHb

AHanoriudi pe3ynbTaTH IJIsl BICEBOTO MEPEMilIeHHS
* . . . .
U =U,, /U, HasexeHi Ha puc. 2. 3po3ymiso, mo Bicesi

MEPEeMIMICHHS, SKi BHUKIMKAIOTHCS pajialbHAM 3MIIICH-
HSMH JKOPCTKOTO TiJia, HA MOPSIOK MEHIII BiX pajiab-
HHX.

0,02

0,04

0,06U*

PucyHok 2. 3MiHa 0CbOBHX HEPEMIIL[CHb 33 TOBLIMHOIO

Puc. 3 imrocTpye po3moin 3a TOBIMIMHOK HITIHIPA

. . *
0e3p03MipHHX pamialbHUX HAMpyXeHb ¢ =-o,.b/GU, ,
OpHYOMy [/ KPUBOi 3 BimkIameHo He 6, a 0,256, ocki-
JTBKU y BUMAIKY KOPCTKOI 000MH Taki Harmpyru 3017b-
IIYIOTHCS Y KiTbKa pa3iB. Ha puc. 4 HaBeneHi rpadiku s

* . . .
IDOTHYHHUX HANMpyXeHb T =-—0,b/GU, . Sk i Bicesi me-

peMileHHs, 11i HapyTH MOMITHO MEHIII BiJl HOPMAJIbHUX,
NIPUYOMY, BOHH MEHII YyTJIHBI 10 3MiHU I'PaHUYHHAX YMOB
Ha 30BHIIIHIN MTOBEPXHI OCHOBHOTO TiJia IUIIHIIPA.
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0 0,8 1,6 52,4

11

1,2

13

p#
1.4

Pucynok 3. I'padixu pagianbHUX HapyXEeHb

0,25

0,5

B i

0,75
Pucynok 4. [lJoTiyHi HanpyXeHHs

Pe3yabTaTH acCHMIOTOTHYHOTO MIAX0AY

Po3B’s13aHHS 331491 3HAYHO CIIPOIIYETHCS, SKIIO BHU-
KOPUCTOBYBATH JUIsl LWIIHApa HE TOuHi piBHsHHA (1), a
Oinmbin mpocTi Mojeni, siki BUmMBaOTh 3 (1). 30kpema,
SIKIO LIKABUTUCS aHAII30M HaNpyXeHO-1e()OpMOBAHOTO
CTaHy ULWIIHApPA, SKUHA BHUKIMKAETHCS IEPEIAYCIo Bij
KOPCTKOTO Tila pajialbHUX HABaHTAXEHb abo Te-
peMillieHb, TO TOCTaTHbO OJNM3bKI 10 TOYHUX PE3yJbTaTH
MOYKHa OTPUMATH 3aCTOCOBYIOYH MOJIENIb, 5IKA OIHCY€ETh-
¢ piBHAHHAMH (8). 3aranbHUi pO3B’SI30K EOTO PIBHIHHS
y IpocTOpi 300paXkKeHb 3aIUCYETHCS Y BUTIISI

Uy =LE)aE)+KiE)eE). @

Toni y dpopmynax (16), (17) 3aMicTb BU3HAYHUKIB Ye-
TBEPTOTO MOPAAKY OyleMO MaTu JETEpMiHAHTH JPYroro
HOPSIIKY 1, 3p0O3yMiNIO, IO Y IPOCTOP1 OPHTiHAIIIB 3HAYHO
NPOCTIMIMMH CTAalOTh MiJIHTErpajbHi QYHKIIT y popmy-
nax Buay (23). Tpeba mmmie mam’sTaTd, MO y IbOMY BHU-
MmajKy He OyAyTh BpaxXOBYBaTHCS OCBHOBI 3aflaHi IepeMi-
IICHHS 1 JOTWYHI HaBaHTaxeHHs. [Hrerpamm Bumy (23)
3HOBY OOUHMCITIOIOTECS HaOMmkeHo 3a MerogoM Daiinona i
BiANOBiTHI KpHBi Ha puc. 1 i puc. 3 mpakTHYHO CITiBMa-
JIA0Th 3 TOYHUMH PE3yJIbTaTaMu.
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[IMo cTocyeTscs BUKOPUCTAHHS MOIEINI, SIKa IPYHTY-
€ThCs Ha piBHAHHI (9), TOAl Y pocTopi 300paskeHb pajia-
JIbHI IEpEeMILIIEHHsI JA0ThCS TAKOKO (POPMYIIOF0

U =€)+ G,(0) 29)

[IpoBenenuit aHasi3 pe3ysbTaTiB MOKa3as, M0 SKICHO
Taka MOJIeNb JIa€ pe3yJbTaT, MoJi0HI 10 pe3yabTariB 3a
JIBOMa TIOTIEpeHIMA MOJICISIMH, ajieé TpU OOYMCIICHHI
HEBJIaCHUX IHTErpayiB oOepHeHHs Tpeba Oparu OuIbII
NpiOHY PO30MBKY AUISIHKH iHTETpyBaHHS.

Sxmo romoBHy yBary Tpeba NpUAUTUTH Tepenadi
BiJT )KOPCTKOTO TiJIa IO IHUJIIHIPAa OCKOBOTO TIEpEMIIIEHHS
ab0 JOTHYHOrO HABaHTA)XEHHS, TO CTaH PIBHOBarum oc-
HOBHOTO TiJla IIJIIHAPY MOXKHA OIMCYBATH TaKUM OJHHM
PIBHSHHIM TEOPil MPYKHOCTI

U JLauy 201-v,)2°U, _

0. 26
or? 1-2v;  ox? (6)

r or

Toxni y mpocropi 300paxkeHb 3a Dyp’e po3B’si3aHHs
LOTO PiBHSHHS 3aMUCYETHCS Y BHIISI

U = 1,(&)C, (€)+ K, (&)C, (&)

[Micns BIANOBIAHWX BWKIAAOK MPUXOAUMO JUIS
3HAXOJ/UKEHHS BiCEBMX IEPEMIIeHb 1 JIOTHYHHUX HaIpy-
KeHb 10 (opmyn aHanoriuHux (23). 3a3HaumMO TpHU
bOMY, IO KOJIM MH BUKOPHUCTOBYEMO OLITBII MPOCTI MO-
neii (8), (9), (26), sIKi € YaCTHHHUMHU BHUITAAKaAMH TOYHHUX
PiBHSHB TEOpil MPY>KHOCTi, TO BUKOPUCTOBYIOYH ACHIMII-
ToTHuHI noxanHs asst GyHkuii beccens [10] B geskux i3
PO3MIISTHYTHX TYT BUIAJKaX BAAETHCS aHATITHYHO 00YHMC-
JIUTH HEBJIACHI 1HTErpaii 0OEpPHEHHS 1 OTPUMATH PE3YJib-
TaTH Y BUTJIAI KOMOIHALIN eIeMEHTapHUX 1 CIeHiaTbHUX
tTaOynboBanux (yHkuid. Hampukian, BHKOpHUCTOBYHOYH
nozaHHA (YHKIH In(f) i Kn(f) IJIsl BETMKUX 3HAUCHb

27)

apryMeHTy B OCTAQHHBOMY BHIAAKy U1 JOTHYHOI
B3a€MOJIii JKOPCTKOTO Tijla 1 LMTIHApPA 3HAXOAMMO TaKi
aHaMiTH4HI (HOPMYIIH, SIKI CIIPABEUTUBI JJIsI TOUOK OJIH3b-
KHX J10 3Ha4eHHS KoopauHaTH x = 0.

[epivii BUMa0K, KOJIHM BiJ >KOPCTKOTO Tija mepe-
JA€THCSI OChbOBE HABAHTAXKEHHS, SKE PO3MOIINICHE IO

KIJIBI[0, TOOTO
q(x)= 9,6 (x)

TOII
Tl = Oub _ —i[sin(sx)si(sx)+ cos[sx]ci(sx)]. (28)
x>0 99 T
e s :L, si(z), ci(z) — iHTErpaNbHi CHHYC 1 KOCH-
21 +v,)

Hyc (QyHKIIT apryMenry z

si(z) = JZ.SinT(t)dt , ci(z) = .Z[ COS([) dt .

0 o0

Li ¢yskuii npuitMaroTe ifiCHI 3HAYEHHS I YCiX
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IIACHUX 3HAYEHBb apryMEHTy X, MOJaHi y BUTIAAL rpadi-
KiB 1 Ta0Ommme [10].

VY npyromy BUNaAKy BiChOBE 3YCHJUII IepelacThCs
Ha BHYTPIIIHIO MOBEPXHIO IMITIHAPA PIBHOMIPHO PO3IO-
IUIEHUM 110 IUISHKAX CKIHYEHOI JOBXKHUHU 2/

9o 1, |X| </
=—h 2[ =
q(x) Y (x, ), h(x, 21) {O, |x| ol
JUis Takoro HaBaHTaXEHHS OTPHUMAEMO HACTYIIHI
thopmymu

T— ci(d)sin(d)+ cos(d)si(d)—
—ci(e)sin(e)+ cos(e)si(e), x < L.

.o 29)

" onl

T
g —ci(2sl. )sin(2sL. )+ cos(2s1. )si(2s1. ), x = L.

d=(L+x)s, e=(L-x)s, L=1I/b.

SIKIIO PO3MNISIHYTH CHCTEMY B3a€MHO BpPiBHOBaXke-
HUX 3yCWJIb Ha OJHAKOBIil BifcTaHi 2Bb oqHe Bix OgHOTO,
SIKI OIIMCYIOTHCS TAKAM YHHOM

4(x)= g 2 [5(x — kB)— 5(x + kB)]

TO JJId JaHOI0 BUIIAAKY aCUMIITOTUYHA q)opMyna 3alu1cy-
€THCA TaK

*

s & sin(x2 )si(x2 )—sin(x, )si(x, )+
= — . . s
W<p 7 2 + cos(x, Jei(x, )—cos(x; ei(x;)
x=(kB-x)s, x,=(kB+x)s. (30
Po3rngHyTO Tako)X BUNAAOK, KOJIM Bif JKOPCTKOI'O
TiJla Ha BHYTPILIHIO TMOBEPXHIO IMIIHIApA IepeaacTbes
KpPYTHJIbHE HaBaHTaXXEHHs a00 00epTajbHI NepeMillleHHs.
Y upoMy BUNaaKy OyAeMo 3aCTOCOBYBATH /ISl OCHOBHOTO
TiJIa ATIHAPa OJTHE PILIEHHS TeOPii MPYKHOCTI y BUTIIS
2
10Uy _Ua , 07U _
r or r ox?
Jts 30BHIMIHBOTO MIapy 3alHCyeEMO OIHE PiBHIHHS
Teopii 000I0HOK. 3acTocoByr0UH niepeTBopeHHs Dyp’e, y
MPOCTOpi 300pa)keHb PO3B’s3aHHSA OTpuMaHoro i3 (31)
PIBHSIHHSI 3aITUCYEMO Y BUIIISIII

0. @

0
Uy =1(E)C @)+ K ()06, 62
YMOBH KOHTaKTy MDX LIapaMu IMJIIHIpa 3alUCYOTh-
cs ananoriuno (3) mpu r = b
0_10 0 0
Ue =V » O, 9="qp2 - (33)
Po3risHyTO ABa BapiaHTH YMOB Ha BHYTPILIHIN TO-
BEPXHI LWJIIHAPA: KOJIU B/l )KOPCTKOT'O Tijla MepeAatoThCs
Ha IWIHAP BiCECHMETPUYHE TaHTCHIlIaTbHE MEpEMillleH-
Hi (3amada 1), Toxi npu r=a

Ug = 1(8). (34)

a00 Ha BHYTPIIIHIO TIOBEPXHIO MEpeaeThCs 3aJaHe Kpy-
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TUJIbHE HaBaHTa)KEHHA (3a71a4a 2), Tl Ipur = a

0 0
oro =—10(8). (35)
[MincraBnsroun Bupas (32) y 3akon ['yka, 3amucanmuii
i3 3anmydeHHsiM criBBiaHomeHs Komri y mpocTopi 300pa-
JKCHb, a MOTIM 3aJ0BOJIbHAIOUM yMoBaM (33) i (34) abo
(35), 3HaxoauMo TpaHC(HOPMAHTH LIYKAaHHX BEJIMYWH. B
SIKOCTI TIPHKJIaay B 3a1adi | po3MISHYTO HACTYITHUH 3a-
KOH 3MIiHH TaHTCHIIATHHAX TEPEMIllleHh BHYTPIIIHBOT

MTOBEPXHI IIMITIHAPY

Vi

- 0
1) >

= (36)
1+a’x
Toni micns 3acTocyBaHHS OOCPHEHOTO MEPETBOPEH-
H1 Dyp’e opuriHAIM TMepeMillleHb 1 Hampyr TOYOK
LWIWIHAPa JalThCs HEBIACHHMH IHTEIPAaMH TaKOro
BUIY

_&
*:_or_eb:l‘”cl(&,r*)e OLcos(E_,x)a] 37
GV 0‘!). F(EJ) = GD
ae F(‘i):(sz +”1§S1)S3 +54 -8, (33)
s =K, (&8)/K1(§), Sy = Kz(ig)/Kl (&)
S3 =11(§)/11(§s), S4 :Iz(ﬁ)/ll(ﬁg)
O (i,n): (S4 - ”1&)57 - (Sz +mEsy )Ss . 39
n "
" o(ley)
85, ..., S3 OTPUMYIOTBCS 13 S1, ..., S4 , AKIIO B YACETBHUKAX

B SIKOCT1 apT'yMEHTY B3SITH &7+

AHAJOTIYHO 3amuCyIOTBCSA pe3yiabTaTH B 3amadi 2,
30KpeMa, SKIIO Ha BHYTPIIIHIO IMOBEPXHIO IIMIIIHApA Bif
JKOPCTKOTO Tilla TepemacThCs KUTbIleBe oOOepTambHe
HaBaHTaXCHHA

Polx)= pod(x) (40)

TOJI TEpeMIlleHHs 1 Hampyrd TOYOK NMIIHApa 3HAXO-
JITBCS 32 (OPMyJIaMH TaKOTO BUILY

i UeGl _ looUz(é,r*)COS(gx)d 41
g o W

B 000x 3amayax po3risiHyTi, aHaJOTiYHO MyHKTY 1,
YacTHHI BapiaHTH YMOB MDX BHYTPIIIHIM 1 30BHIIIHIM
mIapaMy LWIIHAPA, a caMe, BIJCYTHICTh 30BHILIIHBOTO
mapy, *KOpCTKUH 30BHIIIHIN mIap, Ay>ke TOBCTHHA BHYTpi-
mHii map. Pesympratm 3Haxommimcs 3a Qopmyramu
Buny (37), (41) ancensHo 3a gomomMororw meroxy dDaiiio-
Ha 1 UIS yCiX PO3TISHYTHX BHUITAIKiB MOOYJOBaHI KapTH-
HHU 3MIHU TIpEMIlllCHb 1 TAHTCHIIATBHUX HAMPYKEHb 33
TOBUIMHOIO 1 3a JIOBXHHOIO LWIIH/APA, aHAaJOTi4Hi
puc. 1-4.

SIkmio ckopucTaTHcs, SK 1€ pOoOHMIIOCS BHINE, IS
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MITIHAPUIHAX (QYHKIIH aCHMITOTHIHAME TIOHAHHSIMH,
To iHTerpanu Buny (37), (41) 3HaYHO CHPOILYIOTHCS 1 YISt
OKPEMHX YaCTHMHHHMX BUIIAJKIB MOXYTh OyTH BUpPaXEHi B
eneMeHTapHux ¢QyHkuisx. B 3amaqi 1 TyT OTpuMmaHi
HACTYITHI pe3yJIbTaTH.

SIKo 30BHIIIHIN IMap BiACYTHIN, TOOTO IMMIIHAP
OIHODPIOHUH, TOAI PO3MOALT TAaHTEHIaJbHUX HAaIpyr
BHYTPIIIHBOI TMOBEPXHI LWJIIHAPAa 32 JOBXWHOIO OIH-
CYETBCS TAKOIO (POPMYJIOIO

o (x,e)=- sin(2arctg(cx.x)); €= %. (42)

1+a2x?

BBaxkaroun 30BHILIHIN IIAp AYyKe KOPCTKUM, Oyjie-
MO MaTd HACTYIHE MOJAHHS JUIs OOYMCIICHHS TaHIeH-
IiaJBHUX MIEPEMIIIEHb 3a TOBIIUHO B epeTrHi x = 0

(43)

m*(o,mzm[w(dl)—w(dzn

-1 -1
e dlzl 1+a—+al , d2:l+u’
2 b 2 b

b, =e—1, y(x) — nci-¢pynkuis Eiinepa

o

a, =€—ri,

t l-e

>l 1 1
abo =lnx- —In| 1+ .
W(x) n gb{x+k n( x+kﬂ

SIKmio BHyTpIIIHIH MIap MUIIHAPY BBAXKATH HOPIBHS-
HO TOBCTHM, TOJi [UIA TIEPEMIIICHb i HAlPyT B OKOJIi TOY-
ku x = 0, CIipaBeTNBI HACTYITHI ITOJaHHA 1151 3aKoHY (36)

Jdt, Rez>0

1+a(rn—1) L@

\/Zl(l + (x)z(r* —1)2 + oczsz’

1 cos[Zarctg(xd _1)]
x*+d?

B 3amaui 2 ans HaBanTaxenHs (40) oTpuMaHi HAaCTy-
ITHI aCUMITOTUYHI Pe3yJIbTaTH.

SIkiro 30BHINIHIN mIap HMIIHAPA BIACYTHIHN, Toxl Oy-
JEeMO MaTu

7 ()=

G (x, r*): (45)

Olqf P

7 (1) = —%h{zsh %] (46)
|
. T
1 Slnb—
o (x,n 1 . 47)
l( ) 2[71\/Z ch™ 4 cos ™

Konu 30BHIIIHIA IIap BBaKartd aOCOIIOTHO KOPCT-
KHM, TOJIi TIPUXOJIUMO JI0 TaKuX (HopMyI



p-ISSN 1607-6885 Hoi martepiany i TEXHOJOTIT B METanyprii Ta MamuHoOy xyBanHi. 2024/2
e-ISSN 2786-7358 New materials and technologies in metallurgy and mechanical engineering. 2024/2

—1n[cthﬂ} (n=1x>0)
n 1
v ()= eh ™ 4 sin ™ . @8)
1 2h 2b,
In , (r* >1)
e op T _gin T
2h, 2h,
oi(v.r')= L 2h @9
bl\/Z ch +cos AL
I I
BBaxkaroun BHYTpIIIHINA Imap LWIiHIpa JOyXe

TOBCTHM, MOKHa BHKOPUCTaTH TaKy HaOuvkeHy (opmy-
Iy

ollen)=t L (50)
T (r* - 1)2 +x?

[Ile pa3 3a3HaYMMO, 1110 OTPUMaHI IOPiBHIHO MPOCTI
(dbopMyH y BUIIIAAI KOMOIHAIIH eIEMEHTApHUX Ta CIICIli-
AIBHUX Ta0YJIbOBaHUX (DYHKIIH MOXYTh BUKOPHCTOBYBa-
THUCBH JJIsI TIOTIEPETHIX eKCIIEPTHUX BUCHOBKIB, MI00 IIBH-
JIKO OIIIHIOBaTH HaNpyXeHO-1e(hOPMOBAHUI CTaH B KOHC-
TPYKIIAX AAHOTO BUAY i SKIIO BUHUKHE HEOOXITHICTH B
YTOYHEHHI pe3ylbTaTiB, TOAI Tpeba MpoBecTH HaBeleHI
HA TI0YATKy JaHOi poOOTH TOYHI PO3PaxXyHKH 3 BUKOPHC-
TaHHSM IHTETPaJbHUX IEPETBOPEHb 1 TOYHUX DPIBHSIHB
TEopii IPYKHOCTI.

Y Mall0yTHhOMY 3amporOHOBaHI TYT MiAXOAU 1O
PO3B’SI3aHHSI CTATHYHUX 33724 MOKHA PO3MOBCIONUTH Ha
HECTaI[lOHAPHI JHHAMIYHI 33]1adi, JOMOBHIOIOYH iHTETpa-
npHe TeperBopeHHsT Dyp’e 3a BIiCEBOIO KOOPAWHATOIO
nepeTBopeHHsIM Jlarutaca 3a 4acoM 3 HACTYIHHM CyMic-
HUM OOEpHEHHSM 000X IEepPETBOPEHB 3a JOIIOMOTOI0 Me-
tony QPaiinona i 3minmeHux mnoiiHoMiB Jlexxanapa (mpu
TouyHOMY migxoni) [11] abo acHMITOTHYHMX MTONAHB IS
mTHAPHIHAX OYHKIIHA 1| BUKOPUCTAHHS TEOpii JUIIKIB
JUTA aHATIITHYHOTO OOepHEHHS NiepeTBOpeHHs Jlarnaca.

BucnoBxku

1. 3anporioHoBaHa MOJENb I PO3PaXyHKY Hampy-
KEHO-1e(hOPMOBAHOTO CTaHy JBOIIAPOBOTO OIMETATIYHO-
rO IWIHAPY 3 TOHKUM MOKPHUTTSIM 3 1HIIOTO Hi)K OCHOB-
HUH 1Iap marepiany, sika IPYHTYETHCS Ha OJHOYACHOMY
BHUKOPHCTaHHI PiBHSIHB TeOpii Mpy>KHOCTI 1 Teopii oboo-
HOK JUTSl TOHKOTO MOKPHTTSI.

2. Po3risiHyTI pi3HI BapiaHTH ONHCY B3aeMOJii MiX
JKOPCTKAM TiJIOM 1 BHYTPIIIHBOIO TTOBEPXHEI0 TOBCTOC-
TIHHOTO IFJTIH/pA.

3. 3anpornoHOBaHi CIIPOIIECHI MOJIENI IS 3aIUCY I10-
BE/IIHKA OCHOBHOT'O IIapy B 3aJISKHOCTI BiJ| 3allMCaHUX
YMOB B32€MOIii YKOPCTKOTO TiJia 1 IIIH/pA.

4. Pe3ynpTaTé OTpUMaHi NUIIXOM 3aCTOCYBAaHHS 1H-
TerpaibHOro neperBopeHHss Pyp’e 3a 0CHOBOIO KOOPIU-
HATOIO0 1 PO3BMHYTOTO B JIaHiI pOOOTI CrieliaibHOrO ai-
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TOPUTMY JUIS YHCEIIBHOTO OOCpHEHHs BKa3aHOTO HepeT-
BOpEHHSI, SIKUil 6a3yeThest Ha MeToal DaitioHa.

5. OTpuMaHi TakuM HUBIXOM pe3yJbTaTd MOJaHi y
BUTIIsIII TpadikiB, sKi MOYKHA BUKOPHUCTOBYBATH JIJIsI T10-
PIBHSHHS pe3yNbTaTiB, 3HAWJAECHMX 3 BUKOPUCTAHHIM
CIPOIIEHUX ITiIXO/IB.

6. 3 BHUKOPHUCTAHHSIM ACHMIITOTHYHUX BHpPa3iB I
THIpUYHUX QYHKIIH beccens Bpanocs orpumaru s
OKpEMHX 13 PO3IISIHYTUX 33/1a4 KOMIIOHEHTH Halpy>XeHb
1 TepeMillieHb Yy BUTIIAAI KOMOIHAIi eJeMEeHTapHUX i
cneuianbHUX TaOynmpoBaHMX (yHKOiH. Taxi dopmymn
MOXXHa BHUKOPHCTOBYBAaTH JJIsI TIOTIEPEAHBOI OLIHKH Ha
CTafil MPOEKTYBAHHS TAKUX E€IEMEHTIB KOHCTPYKIIIH.
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Purpose. The goal of the work is to obtain an exact solution to the problem of the stress-strain state of a long
thick-walled bimetallic cylinder within the framework of the classical theory of elastic materials. Then, using the results
obtained with this formulation, it is necessary to propose simpler engineering approaches and explore the possibilities
of using asymptotic formulas for express analyzes at the design stage of such structural elements.

Research methods. For the main body of the cylinder, the classical equations of the theory of elasticity in dis-
placements are used. For the outer coating (sputtering), the shell theory equations are written based on the Kirchhoff-
Love hypotheses. The complex integral Fourier transform and the Failon method are used to approximately find the
original stresses and displacements. Asymptotic representations of cylindrical Bessel functions for large values of the
argument and representations of improper integrals in the form of combinations of elementary and special tabulated
functions are also used.

Results. A mathematical model has been constructed to analyze the stress-strain state of a bimetallic cylinder with
a thin outer layer of a material different from that of the inner layer. Various boundary conditions are recorded on the
inner surface of the cylinder, describing the transmission from a rigid body of either specified forces or specified dis-
placements. For all considered options, using the method of integral transformations, the results were obtained in the
form of improper integrals, for the calculation of which a special method was used, aimed at calculating integrals with
highly oscillating functions. Examples of specific graphs of changes in the components of the stress-strain state in the
cylinder material are given. Depending on the conditions on the inner surface of the cylinder, simpler models are pro-
posed to describe the main body, which are based, depending on the nature of the description of the interaction of the
rigid body and the cylinder, on one equation of the theory of elasticity. With this approach, in some important cases it
was possible to obtain improper inversion integrals using the asymptotic approach in closed form as a combination of
elementary and special tabulated functions. Comparison with the exact approach allowed us to prove the possibility of
using approximate models.

Scientific novelty. A model of the behavior of a bimetallic cylinder as a body is constructed, the main layer of
which is described by the equations of the theory of elasticity, and the theory of shells is used for the outer coating.
Various methods of describing the transfer of forces and displacements from a rigid body to the inner surface of the
cylinder are considered. The possibility of using the asymptotic approach to obtain relatively simple formulas for carry-
ing out preliminary calculations at the design stage of such structural elements is shown.

Practical value. The formulas, graphs and calculation algorithms obtained in the work can be used in the practice
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of design organizations involved in drilling rigs, main pipelines, and artillery shafts. It is especially important that these
work results can be used for so-called express analyzes and preliminary assessments.
Key words: theory of elasticity, integral transformations, stresses, displacements, boundary conditions, asymptotic

representation.
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BHUBIP TEILJIOI3OJISIIMHOIO MATEPIAJY NPEC-@OPM JJI51
BUI'OTOBJIEHHS BUPOBIB 3 KOMIIO3UIIMHUX MATEPIAJIIB

Mema poéomu. Ilonscae y po3pobienti MemoouKy menio8o20 po3paxyHKy npec-Qopm 01a 6Uc0MOGLeHHs 8U-
PO0I8 3 KOMROSUYIUHUX MAMePIaNis, KA 00360J15€ 00pamu 30YiuHULL Mamepian, wo 3abesneuye epekmusHe 3a0uid-
02ICYBAnHS GUMPAM Menid.

Memoou oocnidscenns. Ilpu Oocniodicenni npogedeHutl meopemuyHUll aHA3 ICHYIOYUX MenI08UX PO3PAXYHKIE
npecc-gpopm; nposedeHull analiz meopii meni0o0OMIHY HA OCHOBL Meopii NOOIOGHOCMI, BUKOPUCMOBYIOUU Oe3DO3MIPHI
kpumepii Hyccenvma, I'paceopa ma [Ipanomns; npogedenuii ananiz 008i0KOGUX OAHUX PO GIACIIUBOCMI I30JIAYIUHUX
mamepianis.

Ompumani pesynemamu. 3’sco8ani ma Onucami npoyecu KOHEeKMuUHoI meniosiooauyi 3 6iuHoi nOGepxXHi npecc-
Gopmu; po3pobrena memoouka po3paxyHKy 6mpam eHepeii WiAXomM meniogiooayi npu neeuil memnepamypi Ha 3068Hi-
WHBLOI NOBEPXHI HEI301b08AHOT npec-Popmu, BCMAHOBIEHO BUPIULANLHY POIb Ol 8UOOPY I30AYIHO20 Mamepiany €
memnepamypa CminKu, 3 AKoi eiache 30ILUCHIOEMbC Meni08io0ayd; BU3HAYEeHA MemoOUKad 3HUNCEHHS eHep2osUmpam
WIAXOM 3ACTOCOBY8AHHA HA NOBEPXHI Menno8iooayi npec-opmu wapy 3 menyoizonayiiHo20 mamepiany, 00ca2adu
Ha i3071b08aHill NOBEPXHI npec-ghopmu 3a0aHoi memnepamypu, Ha RPUKIAOL npec-ghopmu KOHKPEmHUX posmipis, oopai
ONMUMANLHI Mamepianuy i 6USHAYeHa ix eqheKMUBHICMb Y 3HUNCEHHI gumpam menid.

Haykosa nosusna. Pospobnena memoouxu oyinoeants epexmusHocmi menioizonayitino2co Mamepiany wiisixom
PO3PAXYHKY meMnepamypu Ha i301606aHili ROGEPXHI Npec-(hopMu,; 3MEHUEH s Y 36 A3KY 3 YUM GMpPam menia uiisxom
menno6iooayi 00cs2acmvcsi 34 00NOMO20K0 0OPAH020 ONMUMATILHO20 MENNI0IZ0NAYIUH020 MAMEPIALy, K MAmb 6i0-
NOBIOHI MenoQi3udHI | MEeXHONIO02IUHI 61ACMUBOCMI.

Ilpakmuuna yinnicmo. Hasedeni sioomocmi npo éniué KOHCMpyKyii mampuyi npec-gopmu ma 008i0K08I 8i00-
MOCMi npo MenJIONPOSIOHICIb MENN0I30NAYIUHUX MAMEPIaNie, 3anponoOHOSAHUL MemOo0 PO3PAXYHKY MOdice Oymu 6UKo-
PpuUcmanuii npu nPOEeKMY8aHHi eHepeo3aoua0NCyBalIbHUX npec-Popm 01 8USOMOBNIEHHs BUPODIE 3 KOMNOSUYIUHUX Md-
mepianis.

Knrouosi cnosa: npec-gpopma, mennogiooaua, menionposioHicmos, KOH8eKYis, Menioi30nayiiHull Mamepiai, Ko-
eqhiyienm nennogiooaui.

Beryn Ilpecysanns — HaWNOMMPEHIMNHA TPOLIEC BUTOTOB-
JeHHS BUPOOIB TOJOBHMM YHHOM 3 TEPMOPEAKTHBHHUX
noxiMepis, piame — 3 Tepmoracti [1—4]. Cyts MeTomy
oJIsira€ 'y TOMY, IO BUXIJHUM Ipec-Marepian y TBepao-
My CTaHI 3aBaHTA)XY€ThCS B OCHACTKY (MaTpHUIIO, 3aBaH-
Ta)XyBaJbHY KaMepy), /¢ IUIaBUTHCSA 1 IMiJ THCKOM 3aI0B-
HIOE TOPOKHUHY OCHACTKH. 3a 4ac BHTPUMKH y BHpPOOi
MPOXOJSITh TEBHI TpOLECH, sKi 3a0e3NeUYyoTh CTadiIb-
HICTB 1 TOYHICTh PO3MIpiB BUPOOIB.

Oco01MBICTh BUTOTOBJICHHSI BUPOOIB 3 MOJIMEPHUX
MarepiaiiB HOJArae y TOMY, IO B OCHACTLI OJHOYACHO
(hopmyeThes 1 ckianq MaTepiaidy BHpoOy, 1 Horo KoHQIry-
patist. [lepepoOisHHS MOMIMEPHUX KOMIO3HIIHHUX Ma-
TepiajiB IPYHTYETbCSA HAa PI3UYHUX 1 XIMIYHHUX MPOIECaXx,
oo BigOyBarOThCs IIiJ Yac BHUTOTOBIICHHS BUpoOy [1].
®disnuni nmpouecu (HarpiBaHHS, IUIMH TIOJIIMEPHOI MacH,
OXOJIO[DKEHHS 1 T. I1.) 3a0e3MeUyI0oTh 3aIll0BHEHHS (POpPMY-

[MonimMepHi KOMITO3ULIHHI MaTepiali MaroTh pi3HO-
MaHITHI BJIACTUBOCTI, I[iHHI B EKCIUTyaTallii: BUCOKa MIll-
HICTh 32 Pi3HHX YMOB HAaBaHTA)XyBaHHS, JTOCTATHS TEILIO-
CTIHMKiCTh, BUCOKA XiMiUHA CTIMKICTh y PI3HUX CEpEIOBH-
max. ToMy monmuT i HOMEHKJIaTypa BHPOOIB 3 KOMIIO3H-
LifHIX MaTepialiiB 3 KOXKHAM POKOM 301IBIIyeThCS. 3Bif-
CH BHHHUKA€ HarajbHa HEOOXIITHICTh MPOEKTYBAHHSI 1 PO3-
paxyHKy TEeXHOJOTiYHOi OCHAcTKHM ((OPMOTBIpHUX iH-
CTPYMEHTIB). AJPKE BJIacCHE OCHACTKa BIJIOBiNaE SK 3a
SIKICTh BUPOOIB 1 MPOAYKTHBHICTH BUPOOHHUIITBA, TaK 1 3a
€HepreTU4Hi BUPOOHMYI BUTPATH, SIKi CYTTEBO BILUTUBAIOThH
Ha cO0IBapTICTh MPOYKIIIi.

Jiss BUTOTOBJIICHHS BHUPOOIB 3 KOMITO3HIIMHUX Ma-
TepiayliB BUKOPUCTOBYIOTHCS Ty’XK€ PI3HOMAaHITHI TEXHO-
jorii 3ajexHo Bix iX Qopmu, po3MmipiB i NpU3HAYECHHS.
[IpoTe HAUMOMHUPEHIIINM € TIPECYBaHHS.
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BaJIbHOI OCHACTKHM BHXIIHUM MaTepianoM. XiMi4HI Tpo-
LIECH BU3HAYAIOTh IIBUAKICTH (POPMYBaHHS MOJIEKYJIAPHOT
Mepexi Ta i ITBbHICTB.

ITpec-popMu — OCHOBHA OCHAcTKa AJIsi BUTOTOBJICH-
HS BHUPOOIB NpecyBaHHSIM. BOHM BHIOTOBISIIOTHCS IS
KO>KHOTO BHPOOY 1HIMBIyallbHO, Y 3B’SI3KY 3 UMM IX KOH-
CTPYKIIisi, poOOTa Ta 0COOJHMBOCTI BUKOPUCTAHHS HAI3BH-
YallHO pi3HOMaHITHI. BCl BOHM CKIIalaroTbCsl 3 TEXHOJO-
TYHUX JeTanei, sSiKi KOHTAaKTYIOTh 3 IIpec-MaTepiaioM i
Ha/al0Th HOMY NeBHY KOH(QIrypamito (MaTpuIs, myaHCoH,
CTPWKEHB), 1 KOHCTPYKTHBHI (OOJTH, KOJIOHKH, YIOPH
TOIIIO).

O0608B’s13k0BOIO JUTs BCiX mpec-hopM € cucrema 00i-
rpiBaHHS.

Cucmema 06iepiganns CIyKUTh Ul CTBOPSHHS Ha-
CKITBKM MOXITUBO PiBHOMIPHIIIIOTO TEMIIEPATypHOTO II0-
I A1 MaTepiany BHPOOY 1 3a0e3neueHHs] MiHIMAalTbHOT
BUTpATU 4acy Ha HarpiBaHHs i TBepAiHHsS BUpoOy [4, 5].
Bona cTBOpIOE TOBHOIIIHHY IIepelady Tella 330BHI B
pobouy 30HYy mpecyBaHHs. OZHOYACHO CHCTEMa ITOBHHHA
NpaBWJIbHO pearyBaTH Ha poOOYMil IMKI THpECyBaHHS:
HarpiBaHHsI, OXOJIOJDKEHHSI 1 HAcTYyITHE BiJHOBJICHHS Ha-
rpiBaHHS 32 MiHIMaJIbHUH Yac.

Temno, sike Hajae cucreMa oOOIrpiBaHHS, BUTpaya-
€TBCS HE JIMIIEC HAa 3iHCHEHHS HEOOXiMHWMX (i3UYHUX i
XIMIYHUX TIpOIeciB y KOMMO3UTi. 3HaYHa YacTHHA HOTO
Oe3nepepBHO BUTPAYAEThCsl HA30BHI: y eIEeMEHTH o0naj-
HaHHS, 3 AKUM KOHTAaKTye Ipec-Gopma, y HaBKOJIHIIHE
CepemoBHIIIe — MTOCTIHHO 3 GiYHOI OBEPXHI 1 MEPiOIIIHO
y 3a30p MiX ITyaHCOHOM i MaTPHUIICIO B MOMEHT 3aKiHYEH-
HSl [IPECYBaHHSI.

VY naHiii cTaTTi aHaNi3y€eThCsl XapakTep BUTPAT TeIlia
3 O1YHOI MOBEPXHi, CIIOCiO TX OIIHIOBAHHS, @ TAKOK MOXK-
JIUBICTh 1X 3HIKEHHS 32 PaXyHOK BHKOPHUCTaHHS TEIUIOi-
30JISIIHHUX MaTepianiB. Ha mijgcraBi aHamizy HaBOJAUTHCS
MeTolMKa BHOOPY ONTHMAJIBHOTO TEIUIOI30ISLIHHOTO
Marepiainy.

AHani3 1ocaigzkenb Ta myoaikanii

TemoBi mporecy Npu eKcIuTyaTarii mpec-popm

Pomp HarpiBanus mpec-popmu i BupoOy B HIifl mix
Yyac eKCIUTyaTallii € IPOBiIHOI, OCKLIBKH HEOOXiTHUI
1011 GOPMYBaHHS THUCK 3QJISKHUTh Bill B’SI3KOCTI pO3ILIaB-
JIHOTO Y (OpMi KOMITO3HIIIHHOTO MaTepianry, a oTKe i
BiJ Horo temmepatypu. Poboda Temneparypa, sIKy Harpi-
Ba4 CTBOPIOE BCEpenuHi npec-(hopMH, 3aJIEKHUTh BiJl TEX-
HOJIOTIYHUX BJIACTHBOCTEH Tpec-Marepially 1 BU3HAYa€Th-
csi pobOYOI0 TemIlepaTyporo mpecyBaHHs. Came LSl TeM-
repaTypa € OCHOBOIO JUIsl PO3paxyHKIiB BUTpPAT TeIUIa Mpu
eKcIITyaranii mpec-gopm.

3arasnbpHi BTpaTH Tera mnpec-gpopmoro Qs (BT), mo
BiZI0OYBaIOTHCSl TP CTalliOHAPHOMY MPOLEC] MTPECyBaHHs,
BU3HAYAEThCS 3a opmysioro [1, 5-6]:

Qxae = an + Qdos + Q63 + Qi, (1)
ne Qcn — BTpaTH TeIa y cTint npeca; Qooe — BTPATH TEIUIA
y IOBKULIA mipec-popmu; Qs — BTpATH TeIlIa yepe3 0od-
TOBI 3’eAHaHH:; (; — IHIII TEIIOB1 BTPATH.
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Brparu Temna y crin mpeca i uepe3 00ITOBI MOXKHA
3HAUTH MOPIBHSIHO MPOCTO, OCKIIBKK TETUIOBiIIada Bif-
OyBaeThCA MIISIXOM TETUIONPOBITHOCTI, KA 3AJIEKHUTH Bij
CTaNUX TEIUIO(I3MUHMX XapaKTEPUCTUK BiIIOBITHIX Ma-
Tepianis.

TemyoBignaya y CTij npeca BU3HAYAETHCS IUIOLICIO
KOHTaKTy MDXK CTOJIOM 1 mpec-(hOpMOIO i JIEII0 CTPUMY-
€TBCS 32 PaXyHOK HU3BKOTO KOedillieHTa TEIUIONPOBiIHO-
CTI MaTepialy TEIUTOi30JIIHHOI MPOKIAAKA MiXK HUMH.
BrpaTtu Teruia yepe3 GoNTOBI 3’€HAHHS AHAIOTIYHO 3a-
JIeKATh Bil ONEPEYHOTO Tepepizy OONTOBHUX 3’€IHAHB 1
KoeiIlieHTa TEIUIONPOBITHOCTI MaTepiaTy OOINTIB.

KOHCTpYKTHBHO 3HM3MTH BTPATH TeIUIa y CTLN i 4e-
pe3 OONTH MIISAXOM TeIIoi30Lii MoXHa Oyio 6 y Micri
3aKpIIUICHHS pec-QopMHy Ha CTOJI Ipeca. Ajie BHACTIIOK
MePioANYHOI Al 3yCHIUIA MpEeCyBaHH IeH Imap Terioizo-
JISIIIT HATICBHO 3 YaCOM IIIBHUIKO 3PYHHY€ETHCSI.

3rajiani BHIIE JiTEpaTypHi DKepena HaBOASATh TaKy
OLIIHKY YaCTOK OKPEMHX BHJIIB BTpaT TEIUIOBOI €Heprii Ha
mijicTaBi IocBiay ekcrutyaraii: 8...18 % Burpavaerbcs B
cTin mpeca, 3...6 % yepe3 6ontu i 18...20 % npunangae
Ha iHmi BTpatu. Lli BTpaTH cymMapHO CTaHOBISATH MEHIILY
YacTHHY 3arajlbHAX BTpaT TEIUIOBOI eHeprii mpec-
dhopmoro. Tomy HaMOLTBIINIA IHTEPEC CTAHOBISATH BTPATH
Teruta Yepes OiuHy MOBEPXHIO Ipec-POpMH.

Merta pobotu

3anmavero JaHoi poOOTH € OMUCATH XapaKTep 1 Teope-
THYHI 3aKOHOMIPHOCTI TEIUIOBIAIaYl yepe3 OiuHy MmoBep-
XHIO TIpec-(hOpMH, PO3TJITHYTH MOXIIHBOCTI 3MEHIIIUTH iX
3a JOMOMOTOO TEILIOI30JISMIT 1 pO3POOUTH 3 II€I0 METOIO
METOIUKY BHOOPY OINTHMAJIBLHOTO TEIUIOI30JISIIHHOTO
MaTepiaiy.

Martepian i MeToanKka I0CTiTKeHb

Ilpeomemom danozo docniddcenHs € aHaJi3 Xapak-
Tepy 1 3aKOHOMIPHOCTEH TeIUIoBiIavi yepe3 OidHy IoBe-
pxHronpec-popmu. TemnooOMiH MK TBepIolo (Meraie-
BOIO) TOBEpXHEIO0 mpec-(hopMH 1 Ta3omomiOHUM cepero-
BUIIIEM HABKOJIO Hel BiIOyBaeThCS MyXKe CKIATHO 1 3ale-
JKATH BiJl 0ararb0X YNHHHUKIB.

3 TOYKM 30py TEIIOBiAaul Yepe3 OiYHy MOBEPXHIO
npec-popMy MOXKHA PO3TISIATH K BEPTHKAIBHUHA IIHTi-
HJIp, TIONIEPEUHHH TIepepi3 SKOTO 3alekUTh BiJl KOHQITY-
pauii BupoOy. 3a niTeparypHumu nanumu [4, 6-8] Haii6i-
JIBIIIA TETIOBIIa4ya 3 O19HOT MOBEPXHI TAKOTO IMIIIHAPA Y
JIOBKIJUISL 3JIICHIOETBCS IIUITXOM KOHBEKTHBHOTO TEILIO-
oOmiHy.

KoHBeKTHBHUI TeMI000MiH CKJIagaeTbcs 3 JBOX
MPOIIECiB, SKi MIFOTh OJHOYACHO — TEIUIOMPOBIMHICTH i
KOHBEKIIs. 32 paxyHOK TEIIONPOBIIHOCTI TEIUIO Mepea-
€TBCS BiJl PO3IUIABICHOTO y (OpPMI MaTepiany, A0 30BHi-
ITHBO1 TIOBEPXHI CTIHKK MAaTPHIi Tpec-pOpMH i CTBOPIOE
TEMIEepaTypHUH Hamip BITJHOCHO CYCiTHBOTO Ta30BOTO
cepenoBumia At (pi3HUIS TEMIIEpaTyp CTIHKH 1 Ta30BOTO
cepeoBuIa T0BKULI). OQHOYACHO MepeaaHe TerIonpo-
BIZIHICTIO TEIUIO Oe3MepepBHO MEPEHOCUTHCS Bijl HArPITOl
MMOBEPXHI CTIHKH Yy HOBKI/UIA Pa3oM 3 PyXOM CaMoro raso-
BOT'O CEPEOBUINA 38 PAXYHOK KOHBEKIIii.
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[HTEeHCHBHICTH TEIUIOBINIAYl XapaKTEPU3YETHCS
koedimienTom Termmosinnadi o (Br/(m? °C)), sAkuii nopis-
HIO€ IIUTBHOCTI TEIUIOBOTO TOTOKY, BiTHECEHOI A0 IO
MTOBEPXHI PO3IUTY i TeMIIepaTypHOMY Hamopy Af.

Koegimient temmoBiggadi o, SKUA XapaKTEepH3Ye
IHTCHCUBHICTh KOHBEKTHBHOTO TEIUIOOOMiHY, BaXKKO BH-
3HAYNTH OJHO3HAYHO. MOr0 BeIMUMHA 3MIiHIOETBCA IIO
BUCOTI (200 JOBXHWHI) Harpiroi moBepxHi, Bix ii moso-
JKEHHsI y TIPOCTOpi Ta BijA BiJICTaHI BiJ MOBEpXHI CTIHKH
(puc. 1).

Pucynok 1. 3mina xapakTepy pyxy rasy i koegimienra
TEIUTOBiIIadi IO BUCOTI HArpiToi CTIHKH

Iporecr TemI000MIiHY MiX BEPTHKAJIBHOKO CTiH-
KO0 MaTpuii 1 JOBKULIAM Oe3locepeHbO MOB’si3aHi 3
PYXOM ra3oBOrO Cepe/loBHINA B3JOBXK Hel. Pyxaroumchk
BrOpy B3/IOBX CTIHKHM 3a paxyHOK KOHBEKIi, ra3 Bce 0i-
JpIIe 1 OLTbIIE HArpiBa€TbCs, 30UTBIIYETHCS TOBIIMHA
MIPUJIETTIOTO Mapy i MBUAKICTh HOTO PyXy, a pa3oM 3 UM
3MIHIOETBCSI XapakTep pyxy razy. CHodaTKy TOBIIMHA
MIPUWIETTIOr0 IIapy Oy’K€ Maja, €JIEeMEHTapHI YaCTHHKU
ra3y pyxarwTbCsl «IIapyBaTo» 3 MPHOIU3HO OJHAKOBOIO
LIBHJKICTIO; TaKWH PEXUM PyXy HA3UBAEThCA AIigUaC-
mum. Jlani mWBUAKICTh pyXy 30UIBLIYETHCS, PyX ra3dy Ha-
OyBa€ CTpyMEHHCTHI XapakTep, KOJIM HOro OKpeMmi Imapu
PYXaroThCsl 3 PI3HUMH HIBUAKOCTSAMH, alie IIe He MepeMi-
IIYIOTBCS, TOOTO MAaKOTh JOBOJII IIABHUMN, CIIOKIHHUIA
xapakrep. Takuil pexxuM pyXy Ha3UBAEThCS JTAMIHAPHUM.
[Ipu monmanpioMy HepeMilieHHi Ta3y Bropy pyx IpHIer-
JIOTO Iapy cTae HecTaOUILHMM, OKpeMi CTpyMEHi 3aKpy-
YYIOTHCS, IEPEMIITYIOTECS 3 IHIMIMH. 32 HOTO 30BHINTHIM
BUTJIIIOM TaKUH PEXUM HA3MBAETHCS JIOKOHONOOIOHUM.
[Ipn moganpmoMy HarpiBaHHsS pyX Ta3y CTa€ HEBHOPSI-
KOBaHNM, OKPEMi YaCTHHKH Ta3y MEPEMIIIyIOThCS Xa0TH-
YHO; HATIPSAMOK 1 IIBUAKICTH 1X Oe3MepepBHO 3MIHIOETHCS.
Bracmi1ok mbOTro yTBOPIOIOTHCS BUXPH, SKI Yac Big gacy
BiJIpUBAIOTHCS Bil HArpiTOi MOBepXHi. TOBIIMHA MpHIIET-
JIOTO Imapy TEIUIoOOMiHY 3HA4YHO 30inbIIyeThcs. Takuit
PSKUM PyXy HA3UBAEThCS mypoyrenmuum [7, 9].
[epeBaxkaHHS TOTO UM IHIIOTO PEXKUMY PYXY 3a-
JISKUTh SIK BiJl TEMIIEPAaTypHOTO HAropy MK CTIHKOIO i
ra3oM At, Tax i Bii yacy pyxy B3IOBX CTiHKH (11 BUCOTH).
IIpore Ha HWKHIN AUIsMHII CTiHKK BHCOTOKO 0,2...0,3 M
JMAMIHAPHUIA PEKUM 30epiraeThCsi HaBITH MPHU BEIHKHIX
TeMIrepaTypHux Haropax. ®opma Tina (monepeyHuii me-
pepi3) MpakTUYHO HE BIUIMBA€E Ha 3MIHY XapakTepy pyxy
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MOBITpsi, OlNblIEe 3HAYEHHS Ma€ MPOTSHKHICTH ITOBEPXHI,
B3JIOBXK SIKO1 3/[IICHIOETBCS PYX.

Memoouka docniodcenns 1 BU3SHAYCHHS Koedillie-
HTa TEIUIOBiAadl o IPYHTYEThCS HA meopii nodibnocmi,
3a JIOTIOMOTOI0 SIKO1 PO3MIpHiI (Pi3UYHI BEITHIUHH
00’€THYIOTBCSL Y HOBI 3MiHHI — 0€3p03MipHI KOMILIEKCH,
o y Teopii momiOHOCTI HA3MBAIOTHCS Kpumepiamu (duc-
aamu) nodionocmi [7-9]. Bonu BimOWBarOTh BIUIMB Ha
MpoIieCc TEIUIOOOMIHY HE OKpeMHUX (Pi3SMUHUX BEIHYUH, a
ix cykynHocti. Lle no3Bosisie jerimie BU3HAYUTH (Pi3U4HI
3B’SI3KM Y TPOIIECI, 10 PO3MISAaeThest. s po3paxyHKiB
NpU KOHBEKTHBHOMY TEIJIOOOMiHI BHKOPUCTOBYIOTHCS
HACTYITHI KpUTepii MoAiOHOCTI.

Kpurepiit Hyccensra Nu xapakrepusye Terooo-
MiH Ha Mexi cTiHKa — ra3 (oBiTps). Moro MoxHa posrs-
JIaTH SIK BIITHOIIEGHHS IIUTBHOCTI IBOX TEIUIOBHX MOTOKIB!
MEPeAHHOTO BHACIIIOK TEIUIOBIANAYl 1 TaKOro, IO
MIPOWIIIOB Yepe3 mIap ra3y 3a paxyHOK TEIUIONPOBiIHOCTI.

Kpurepiit I'pacropa Gr [11] 3apakrepusye
CITIBBIAHOIIIEHHS MK ITIJHOMHOIO CHJIOI, K4 BHHHUKAE
BHACTIIOK TEMIEpaTypHOro Hamopy At = (. — t), 1
B’SI3KICTIO Ta3y, TOOTO BiTHOCHY €(PEKTHBHICTh MiAHOMHOT
cumn. Kpurepiit I'pacroda mMoxke CITy)KUTH HE3aTeKHUM
apryMEHTOM, BEIMYMHY SKOTO MOXKHAa pO3paxyBaTH,
3HAIOYH BIIACTHBOCTI rasy, M0 PYXa€eThCS B3IOBX CTIHKH.

Kpurepiit [Ipanaras Pr — ne ¢akruano temtodi-
3WYHI XapaKTepUCTUKN HOCIIB Teruia — ra3y i cTiHku. Bo-
HU 3aJIeXaTh BiJl TEMIIEPATYPHU Ta3y i CTIHKH mpec-hopmu,
aje TpH CHUIBHIA TeMreparypi MalTh MPUOIH3HO OJIHA-
KOBY BEIIMUYHHY.

Pe3yabTaTn nociigxenb

[HTEeHCUBHICTE mennosiodaui IPU KOHBEKTUBHOMY
TEIUIOOOMIHI MOXKHA OIIIHWTH 3a TEIUIOBiIAa4i 3 Oi4HOT
moBepxHi ¢popmynoro HetotoHna — Puxmana [7]:

Q = oF(t. - ) (Br), (@)

ne F — mioma moBEpXHi TEIwIoBianaqi, M2 £, — TeMrepa-
Typa ctiakn, °C; f. — Temmeparypa rasy goBkim, °C; o —
koe(imient termoigmayi, Br/(mM?-°C).

Cynsun 3 wiel (hopmylii, Opyd BUKOPUCTaHHI HIapy
TEII0I30JIsIIITHOr0 MaTepiany Ha OiuHiil OBepXHi mpec-
dhopMu TUIOIIA MMOBEPXHI TEIoBignady F mpakTHuHO HE
3MiHIOETHCS. CyTTEBO 3MIHUTBHCS TEMIIEPATYpa CTIHKH te, 1
il BIUIMB Ha XapakTep TeIuIoo0MiHy 3 noBkiuIM. [Ipote
TOJIOBHY POJIb y 3MEHIIICHHI IHTEHCHBHOCTI TEILIOBiIaqi
BiJlirpae 3HayHe 3MEHIIECHHS Koe(illieHTa TeroBiiadi o
3 130160BaHOI 019HOT MOBEPXHI Mpec-hopMH Y 3B sI3KY 3 il
HIDKYOIO TeMIIepaTyporo f.. ToMy naHe mOCHiIKEeHHs 30-
cepeIrIocss Ha METOAMIL PO3PaxyHKy KoedillieHTa Ten-
JIOBiJIAa4i 0. P KOHBEKTHBHOMY TEIUIOOOMIiHI.

[lepummm po3paxoByerscst Kputepin ['pacroda 3a
¢bopmyoro:

Gr= g(t— 1) 5. 3)

1€ ¢ — TIPUCKOPEHHS BUILHOTO MamiHHs, M/c%; B — TeMire-
parypHuii KoedilieHT 00’€MHOr0 pO3IIMpPEHHST ra3y
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noBkimsa, 1/°C; t. — temmeparypa cTiaku marpumi, °C;
t. — TeMmepatypa rasy moBkuuri, °C; / — XapakTepHHiA
TMHIHHAA pO3Mip MOBEPXHi, M; V — KiIHEMaTHIHUHN Koedi-
Li€HT B’SA3KOCTi ra3y HOBKIILIA, M2/C.

Hactynauii kputepiii, mo BU3HaYae KOSQIIieHT Te-
wIoBigmayi, — e kpurepiit Hyccensra. Po3paxyHox kpu-
tepisi Hyccenbra Nu npoBOIUTHCS 3 YpaxyBaHHSIM YMOB
TEIIOBiAaui, Tero(}i3nYHUX BIACTHBOCTEH 1 PO3MIpIB
NOBEPXHI TEIUIOBi/Iaui Ta TeIIOo(i3NYHNX BIACTUBOCTEN
ra3y moBKULIA. Ha KiJbKICHI XapakTEepUCTHUKH pO3paxyH-
KiB CYTT€BO BIUTUBA€E XapakTep pyXy Iaszy B3JIOBX OidHOI
CTIHKM: TUTIBYACTUH, JIaMiHAPHWHA, JOKOHOMOMIOHUN M
TypOynenTHni. Bukopucranus GopMyn Ui po3paxyHKy
kputepiss Hyccenpra Nu 3anexxHO Bifg XapakTepa pyxy
rasy JIOBKIJUIS IETaJIbHO PO3TIISIHYTO Y [7].

3BuuaitHo OiyHa MOBEpxXHS Mpec-popMH Ha IUISHII,
sIKa KOHCTPYKTHUBHO JIOCTYIHA Ml TETIOi307smii, po3Ta-
I0BaHa BEPTHKAJBHO 1 HaifuacTime He mepesuirye 0,3 M
3a BUCOTOIO, TOMY MOXHa BIICBHEHO BBa)KaTH, 10 TEILIO-
Biggaya 3 Hei y JOBKILIA BiOyBaeThCs 32 YMOBH KOHBEK-
THUBHOTO JIAMIHAPHOTO PyXY TOBITPs. Y TaKOMY BHUIAIKY
kpurepiit Hyccenpra Nu 3HaX01uThCs 32 (OpMYJIOHO:

Nu = 0,76 (Gr,-Pr,)?-(Pry/Pro)", 4
ne Gry, Pr., Pr. — xpurepii I'pacroda i Ilpanarns razy
(TIOBITPA) 1 CTIHKH BiAMIOBIAHO.

Jnga moBiTpA MOBKUUIA 1 CTIHKH MAaTpHIi Ipec-
¢opmu mipu Temmeparypi 30 °C xpurepii [Ipanarns npu-
6mu3HO 0tHAaKOBI 1 OpiBHIOWOTE 0,7 [7].

OcTaTouHO KOCRIIiEHT TEIUIOBIAIAYI 0 3HAXOUTHCS
3a opmyioro [4, 5, 7]:

2
o= Ir-Nu, (5)
Je Ar — KoeQilieHT TeIIONpPOBiTHOCTI HOBITPSI IPH TEM-
neparypi joBkimis, Br/(m*°C); h — Bucora 6iuHOi nosep-
XHI TeTUIOBiaavi npec-hopmu, M.

AHaJi3 TOCTITOBHOCTI PO3pPaxyHKIB TEILIOBiIadi
3 0IYHOI CTIHKM MAaTpHIIi TIOKA3ye, MO MPH IHIIAX PiBHUX
yMoBax (po3Mipu mpec-(hOpMH, TOBIIUHA 130JAMIHHOTO
mapy) BUPIMIATEHAM YHHHUKOM I BHOOPY 130IAIIIHO-
ro Marepialy € TemIleparypa CTIHKH f., 3 SKOi BJIACHE
3MIHCHIOETBCS TEIUIOBiAa4a. TOMy TOJIOBHOIO 3aJa4yero
Ha HAaCTYNHOMY €Talli € BU3HAYCHHs TEMIIEpaTypH, Ky Ha
CBOiM 30BHIIIHIA MMOBEPXHI MOXE 3a0€3NeYuTH TOW 4Yu
IHIINH TETUTOI30IAIIIHUN MaTepial.

Jns nporo mpoaHadi30BaHO 3MIHM TEMIIEpaTypu
IIPY TIPOXOJUKEHHI MOTOKY TeIla Yepe3 CTIHKH HEi30J1b0-
BaHOI Ta 130Jb0BaHOT TIpec-POpPMH.

HeizonpoBana mpec-popma posrisimaeTscs  SIK
BEePTHKANBHUNA MWIHAP 3 BHYTpIMMHIM miamerpoMm d; i
30BHIMIHIM JiaMeTpoM d> BHCOTOIO |1 3 OIHOpPiITHOTO
MaTepiany (craii) 3 KoegillieHTOM TEIUIONPOBITHOCTI Aj.
IIpu cramomy mporeci GopMyBaHHS BHYTPILIHS CTiHKa
LUITTHIIPa Ma€e TeNreparypy f, sika BiJIOBiIae TenepaTypi
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MpecyBaHHS BiIIOBITHOTO Ipec-Marepialy. 3a paxyHOK
TEIUIOTIPOBIIHOCTI MaTepiasly CTIHKM Ha il 30BHIMIHIM
MTOBEPXHI CTBOPIOETHCS TeMIeparypa f, (puc. 2).
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Pucynok 2. Ternonepenaya gepes 0JHONMIAPOBY MMTIHAPHIHY
CTIHKY

[ITo6 yHe3aneXKHUTH PO3PAaxXyHOK BTpAT TEIUia Bix
KOHKPETHOT'O po3Mipy mpec-popMu, TEIJIOBUI MOTIK ye-
pe3 UMIIHIPUYHY CTIHKY PO3PaxOBYETHCS BIJIHECEHHM 10
onuHuIl ii Bucotu [7]:

(6)

2mA
q1=—g, (1 - 12).

lnd—

1

VY nBomapoBOMy IIUTIHAPI (CTajeBa CTiHKAa MaTPHII
Ta IIap TEII0i30IsMi{) Yepe3 yci mapu IpoXoInuTh OAHA i
Ta cama KUTBKICTh Teria (puc. 3).

OcCo0NUBICTh PO3paxyHKy OaraToIrapoBol CTIHKA
MOJISITa€ Yy TOMY IO OCHOBHI XapaKTEPUCTHKU BHYTPILl-
HBOTO METaJEeBOro IIapy 3aIMIIAIOTHCS AHAIOTIYHUMU
XapaKTepUCTHKaM OJHOIIAapoBoi CTiHKU (di, d2, I, A1).
BHyTpimHil niameTp i3oisuiiiHOro miapy criBnajgae i3
30BHILIHIM JlaMETpOM BHYTPILIHBOTO IIapy do, a Horo
TEIUIOTIPOBITHICTh CTAaHOBHUTH Ap. 3OBHINIHIA IiaMeTp
130JALIHHOTO Mmapy d3 BU3HAYAETHCS PO3PAXYHKOM abo
KOHCTPYKTHUBHO.

Pucynok 3. Temonepenayda uepe3 6araTomapoBy HITHIPUIHY
CTIHKY

TemneparypHuii Hanip y 30BHIIIHBOMY 130JISLI1H-
HOMY IIapi BU3HAYAETHCS PIBHAHHSM:

h-1= —lnd—z . (7)

1 3BiJICH [IIyKaHa TeMIepaTypa 30BHILIHBOI CTIHKH TEIUIO-
130JISILIHOTO MaTepiaily 3, IKa BU3HA4Ya€ TEIUIOBUI HAIIip
TEIUIOBiJ1a4i, CTAHOBUTb:

75
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DB (8)

TEIIIOI30JIAIHHOTO
npec-popmu  Ta
HOPIBHSHO JIETKO BHOpatu
BINIOBIJa€  3aJlaHUM  YMOBaM

3HalOYN  TEIUIONPOBIAHICTH
Marepiaity A, pO3MIpH  MaTpHIli
I30JIAIIIAHOTO  MaTepiaiy,
Mmarepiai,  SIKMA
eKCIUTyaTarlfii.

ExcnepumenTn

3 MeTo0 MepeBipKH 3alpONOHOBAHOT METOAWKH
OLIIHIOBAaHHS €(eKTHBHOCTI TEIJIOI30JSIIHHOrO MaTepia-
Jy OyJu MpOBEACHI BUOIp 3 BIPOTITHHUX I30JAIIHAX Ma-
TepialliB HAUMPUAATHIMKX ISl 3aXUCTY npec-hopMH 1 Ha
npuKiaal npec-GpopMu KOHKPETHHUX pO3MipiB, oOpaHi
ONTHMAJIGHI MaTepiaiy 1 BU3Ha4Y€Ha iX eQEeKTHUBHICTb Y
3HW)KEHHI BUTpAT TeIuIa.

BukopuctaHHsS e€(PEKTHBHUX TEIUIOI30JSMIHHIX Ma-
TepiajiB CHOTOJHI € HaWACHICBIINM CIIOCOOOM IIi/[BU-
MICHHS CHEPrOePEKTHBHOCTI KOHCTPYKIIIH, SIKi TIPAIFOIOTh
[IPU BHCOKHUX TeMIIepaTypax. Y IPOMHUCIOBOCTI BUKOPHUC-
TOBYIOTH ICCATKH PI3HOMAaHITHHX TETUIOI30JAIHHIX Ma-
TepianiB. [lo HUX CTaBIAThCA Taki BUMOTH: JOCTaTHBO
HU3bKHH KOEQIli€HT TEIUIONpPOBIAHOCTI, HEOOXiHA TeX-
HOJIOTIYHICTh MIPH BUKOPUCTAHHI, HCBHCOKA CEPEIHS I'yC-
THHA, CTaOUIBHICTh (PI3UKO-MEXAHIYHHUX 1 TEIUIOTEXHiY-
HUX XapaKTEPHCTHK Ta 33J0BLIbHA BapTICTh.

Ha mincraBi mitepatypuux nanux [1, 4-6, 12, 13]
JUISl eKCIIEpUMEHTAJIbHUX PO3paxyHKiB Oynu oOpaHi Ma-
Tepiany, Teruo(i3nyHI XapaKTepPUCTHKHU SIKUX HaBE/IEHI Y
Tabymni 1.

Ta6muus 1 — TenmonpoBigHICTE MESKUX TEIUI0i30-
TAIHHAX MaTepiatiB

. I'yctuna p, | TeruonpoigHicTh

Marepia Kkr/M> A2, Br/m-°C
Kepamika maMoTHa 1920...2160 0,85...0,88
Cki1o 6opocrimikaTHe 2100...2230 0,92...1,15
Kepamika muHacHa 1930...2100 1,16...1,18
beron 2200...2500 1,28...1,30
Dapdop TexHIYHUIA 2300...2500 1,30...1,35
CKJ10 KBapLoBe 2090...2200 1,38...1,40
Kepamika mupkoHieBa 3140...3400 1,70...1,80

OO0’€eKT IOCHIPKEHHSI — TEMJI0i30Jb0OBaHa MaTPULIA -
PO3MIISAAETHCS SIK ABOLIAPOBUI LIMIIIHAP 3 TAKUMH Xapak-
TEpUCTUKaMHU: BHYTpilHil giamerp di = 100 MM, 30BHI-
Hii — d> = 120 MM, BUCOTa CTIHKH MATPUIIL Ta 130JIAIIiH-
Horo mapy /= 100 MM i TEIUIOIPOBITHICTH CTAJIEBOI CTiH-
ku MaTpuni A = 50 Br/m-°C. [Ipu momanbmux KiTbKICHUX
po3paxyHKax HPUHHATO, IO TOBIIMHA i30JSLIHHOTO IIa-
py ctaHoBUTh 10 MM, TOOTO 30BHIIIHIN MiaMeTp MaTpPHUIT
3 130JSIIHHUM IIapOM CTaHOBUTH d3 = 140 MM.

Jis GimpIIOCTi KOMITO3UIIIHAX MaTepialiB TeMIie-
patypa npecyBanHs ctaHoBuTh 160...180 °C, TomMy npu
po3paxyHKax NpPUHHATO TEMIIEpaTypy Ha BHYTpIIIHIN
crini Matpui ¢ = 170 °C 1 Ha 30BHIHIN — £, =165 °C, a
TeMIIepaTypa MOBITpsl HaBKoJIO Tipec-popmu — £, = 30 °C.
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3a numu maHuMHU 32 GopMynoro (6) po3paxoBYBaBCS ITH-
TOMHUI1 TEIJIOBUIA NOTIK Yepe3 CTIHKY MaTpHIIi g

Ha f#ioro miacrasi 3a ¢popmyroro (8), 3HAIOUH TEILIO-
NPOBIIHICTE A, OOpaHMX TEIUIOI3ONISALIMHUX MaTepiaiiB,
Oyna po3paxoBaHa TemIeparypa 30BHIIIHbOT CTIHKH KOX-
HOTO TEIUIO130JISIHHOTO MaTepiany ts.

Hocsin ekcruryaranii npec-gpopm cBiguuth [1, 4-6],
110 /Ul HOPMAJIBHUX YMOB €KCIUTyaTalii JOCTaTHbO 3HH-
3UTH TEMIIEpaTypy Ha i130Jb0BaHili HOBEpXHi pec-hopMu
qo 70...85 °C. 3a pe3ynpTaramMu po3paxyHKiB 3a (HopMy-
noto (8) TemrepaTypu t3 Uit 0OpaHUX 130JALIHHNX MaTe-
piamiB moOymoBaHa ricrorpamMa (puc. 4), Ha AKiif BHIUICHA
M0JIOCA PEKOMEHIOBaHUX JJII HOPMaJbHUX YMOB €KCILTY-
aTarii TeMmepaTyp Ha i30JIb0BaHii MOBEPXHI Mpec-hopMu
(70...85°C).
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Pucynok 4. Temnieparypa i307150BaHOT TOBEPXHI 1pec-hopMu
IIPY BUKOPHUCTAHHI Pi3HHUX TEIUIOI30JLILIHHNX MaTepialiB:

1 — kepaMika mamMoTHa; 2 — CKJI0 OOpocuITiKaTHe; 3 — KepaMika
nuHacoBa; 4 — 6eToH; 5 — dapdop TexHiUHUIT; 6 — CKIIO KBapLO-
Be; 7 — KepaMiKa LIUPKOHieBa

Ha mincraBi npoBeneHOro aHaizy po3paxyHKiB Ta 3
ypaxyBaHHsIM JIITEPaTypHHUX JaHMX 1 JOCBITy €KCILTyaTa-
[ii A7 MOJaNbLIOro PO3IIIAAY 3aJISKHO BiJ KOHCTPYKTH-
BHUX OCOOJIMBOCTEH 1 BUPOOHUYIHNX MOMIIMBOCTEH 00paHO
TPH 3OMSAMIAHI Marepianu: OeToH, TeXHIYHUN (apdop i
KBapIIOBE CKJIO.

Oo6roBopeHHst

3 METOI0 OWiHKH e(PEeKTHBHOCTI BUAUICHUX VI TIO-
JIATBILIOTO PO3MIIANY 130JSIMHUX MartepianiB 3a (opmy-
namu (3), (4), (5 ) OyB mpoBeacHHUN PO3paxyHOK Koedii-
€HTIB TEIUIOBIIavi 0 1 nam — 3a ¢opmyroro (2) — po3pa-
XYHOK IHTEHCHBHOCTI TeIioBiagadi Q npyu KOHBEKTHBHO-
My TEIUIOOOMIHI MK HEI30JbOBAHOI0 Ta 130JIbOBAHUMHU
CTIHKaMH® 1 JOBKIIUISIM JJI1 KOXKHOTO BHAY 130JIAIIHHOTO
Mmarepiany. KutbKicHI po3paxyHKH MMOKa3ajd, IO BiJ Hei-
30JIOBAHOI CTIHKHM 3 TemrepaTyporio t3 = 165 °C inTeHcH-
BHICTh TEIUIOBixnadi cranoButh 60,53 Brt. O6paHi i30ms-
it MaTepianu - 6eToH, TexHIYHUHA (apdop i KBapIoBE
CKJIO — 3HIDKYIOTh TEMIIepaTypy Ha i30J1b0BaHIN CTIHII 10
70...77 °C, 1 iHTEHCUBHICTbD TEIUIOBiAa4i 3HWKYETHCS 10
17,94...21,07 Bt BiamoBizHo. To0TO, 3 BHKOPHCTAHHIM

IUX MaTepialiB JOCATAETHCS EKOHOMis EHEeproBUTpAT
70,3...65,2 %.
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TakuMm dYHHOM, Ha TiJCTaBi MPOBENEHOTO OCIHIi-
IDKeHHS IIATBEPAMBCS 3alPOIIOHOBAHMH METOX 3MEH-
IICHHS €HEPTOBUTPAT IPU NpecyBaHHI BHPOOIB 3 KOMIIO-
3UNIHHUX MaTepiatiB IIIIXOM HaHECCHHS Ha Oi4Hy IHOBe-
PXHIO MaTpHIIi TEIUIOI30JIALIHOrO Marepiaiy.

BucHoBku

1. IIpoBeneHuit neTanbHUAN aHAN3 MOXKIHUBHX BH-
TpaT eHeprii y mpoueci BUTOTOBJIEHHS BHPOOY 3 KOMIIO-
3MUIIIHOrO MaTtepially IpecyBaHHIM.

2. IIpoBenennii aHaii3 TEOPETHYHUX OCHOB TEILIOO-
OMiHy MK OIYHOIO CTIHKOIO MATpHIll Ta TOBITPSIM JO-
BKIJLIS.

3. 3amponoHoBaHa MeTOIMKa (IIOCIiTOBHICTH) PO3-
paxyHKy TEIUIOBiAIadi IPH KOHBEKTUBHOMY TEIUIO00MiHi
MIiX CTIHKOIO MaTpPHIIi 1 TOBKUIISM.

4. Ha migcraBi aHami3y TEIUIOi30JIMIHHUX MaTepia-
JIB 1 po3paxyHKiB AJisi 00’€KTa JOCIIHKEHHS BUOpaHi Ta
PEKOMEHI0BaHi JijIsi BUKOPHCTAaHHS TPHU 130JIALIIHI MaTe-
piany, siKi HaWOIIbLIE BiANOBINAIOTH 3MEHIICHHIO €HEp-
TOBUTPAT TpPU MPECYBaHHI BUPOOIB 3 KOMIIO3HUI[IHHUX
MarepianiB. Po3paxyHKH TIOKa3ajau 3HAuyHE 3HWKEHHS
BTpAT TeIUIa MIPYU BUKOPHCTAHHI 3aIIPOITIOHOBAHKX TEILIOI-
30JIALIIHUX MaTepialis.
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Purpose. The development of a method of thermal calculation of molds for the manufacture of products from
composite materials, which allows you to choose an insulating material that ensures effective savings in heat
consumption.

Research methods. A theoretical analysis of the existing thermal calculations of the molds was carried out; an
analysis of the theory of heat exchange based on the theory of similarity was carried out, using dimensionless criteria of
Nusselt, Grashof and Prandtl; an analysis of reference data on the properties of insulating materials was carried out.

Results. In the course of the work, the processes of convective heat transfer from the side surface of the mold were
clarified and described; a method of calculating energy losses through heat transfer at a certain temperature on the
outer surface of an uninsulated mold was developed, it was established that the temperature of the wall, from which the
heat transfer is actually carried out, plays a decisive role in the selection of the insulating material;, a method of reduc-
ing energy consumption is determined by applying a layer of heat-insulating material on the heat transfer surface of the
mold, reaching a given temperature on the isolated surface of the mold; on the example of a mold of specific dimen-
sions, the optimal materials were selected and their effectiveness in reducing heat consumption was determined.

Scientific novelty. Developed methods for evaluating the effectiveness of heat-insulating material by calculating
the temperature on the insulated surface of the mold; in this connection, the reduction of heat loss through heat transfer
is achieved with the help of the selected optimal heat-insulating material, which has the appropriate thermophysical

and technological properties.

Practical value. Information on the impact of the design of the mold matrix and reference information on the
thermal conductivity of heat-insulating materials are provided; the proposed calculation method can be used in the
design of energy-saving molds for the manufacture of products from composite materials.

Key words: press-form, heat transfer, thermal conductivity, convection, heat-insulating material.
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Tomina A.

INFLUENCE OF GRAPHITED DUST ON THE ABRASION PROCESSES OF
COMPOSITE MATERIAL BASED ON POLYTETRAFLUOROETHYLENE

Purpose. Study of the influence of graphitized dust on abrasive wear of polytetrafluoroethylene-based composites.

Research methods. Experimental studies were performed using modern methods of physical and mechanical tests,
which ensures the reliability of the results. A laboratory mixer with a rotating electromagnetic field and a hydraulic table
press TU 10003 TORIN were used for the production of samples. Weighing of samples for experiments was carried out
on a VLR-200 scale, abrasion assessment was carried out on a HECKERT machine. The friction surfaces were studied
using a BIOLAM-M microscope.

Results. The conducted studies showed that the index of abrasive wear of the composite with a
polytetrafluoroethylene matrix decreases from 2.974 mm>/m to 2.539 mm>/m with a content of 10 % of graphitized dust.
This helps to increase the service life of parts, which will reduce the frequency of their replacement, as well as reduce
production costs.

Given that graphitized dust is a waste of metallurgical production, its secondary use as a filler for composite
materials allows to partially solve the environmental problem of disposal of production waste.

Scientific novelty. Today, the production of products from composite materials is one of the promising directions
of production, because the combination of a polymer matrix with various fillers makes it possible to obtain more
economically profitable materials, forming the necessary physical properties. The possibility of using production waste
as a filler allows solving the current problem of recycling and disposal of environmentally harmful substances. Therefore,
the conducted research opens up new ways to solve a complex of environmental and economic problems.

Practical value. The obtained results are important in the further process of manufacturing composite materials.
The ability to increase the resistance of the material to abrasive abrasion allows the production of parts that work in
friction conditions.

Key words: composite, filler, F4 fluoroplastic, graphitized dust, abrasive wear.

Introduction usually increasing their strength [8, p. 7]. Due to the

Polytetrafluoroethylene (F4 fluoroplastic) is valued
for certain properties: it has a low coefficient of friction
and high chemical resistance, strength, dielectric properties
that do not lose even at high temperatures [6, p. 23]. The
shortage of this material determines its high price. Because
of this, polytetrafluoroethylene is almost never used in its
pure form, but various impurities are added to it.
Graphitized dust is a waste of metallurgical production, so
its use as a filler in parts with polytetrafluoroethylene will
reduce their price and increase the environmental
friendliness of enterprises whose production by-product is
graphitized dust.

Analysis of research and publications

Composites are materials obtained from two or more
components, between which there is a clear interface [8, p.
7]. A matrix is a substance that allows binding particles of
the filler and transmitting the action of forces between
them [8, p. 15]. And fillers serve to change the
characteristics of composite materials,
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addition of fillers with certain properties to composites, the
scope of their application is quite large: medical, nuclear,
optics, etc. [8, p. 30-37].

The most important stage of composite production is
the selection of materials, which is based on the experience
of scientific research, the use of reference information, and
the practical experience of researchers. At the very
beginning, you need to choose and analyze the properties
of the matrix and choose the main fillers, based on such
parameters as the compatibility of components. In the
future, the composite forming technology is chosen by
equipment productivity and material properties [8, p. 15].

There is a large number of composite materials and
because of this there was a need to classify them. The main
features are the number of components, the nature of the
matrix and filler, the shape of the reinforcing components,
the volume content of the filler, properties, the formed
structure, the method of manufacture and purpose [8, p.
38-40].
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Polytetrafluoroethylene (nCF,CF>) is the chemical
name, and F4 fluoroplastic is the technical name of this
material, which is used in Ukraine and some other
countries. It looks like a white powder with a bulk density
of 0.2...0.3g/cm’ and is intended for the manufacture of
products by sintering or pressing [4, p. 5]. The density of
the material in the finished products is within
2.18...2.24g/cm?. 1t is classified as a thermoplastic matrix
[5]. It is used in certain fields, such as mechanical
engineering, aerospace, robotics, and others. It is
characterized by a low coefficient of friction (up to 0.02),
chemical inertness, dielectric properties, resistance to
elevated temperatures, high resistance to radiation, low
thermal conductivity, non-flammability, low smoke
generation, resistance to aggressive environmental factors,
frost resistance, hydrophobicity, high antifriction
properties. Many of them are due to the structure of F4
fluoroplastic, namely strong bonds between F—C molecules
[1].

Disadvantages are a high degree of abrasion of the
surface during friction, insufficient mechanical strength
when exposed to high temperatures, a high coefficient of
linear temperature expansion, a tendency to residual
deformation and recrystallization, the impossibility of
obtaining products by casting, and cost. Therefore, fillers
are usually added to it, which eliminate these shortcomings
without worsening the properties [6, p. 24]. Graphite and
metal powders are popular among them [8, p. 63], which
makes graphitized dust a suitable filler.

Graphitized dust is a byproduct of the production of
steel from pig iron by the oxygen converter process, in
which molten liquid iron is poured into a horizontally
positioned converter and steel scrap is added. Then it is
returned to a vertical position and an oxygen nozzle is
introduced. With its help, oxygen purging is carried out: it is
needed to oxidize cast iron impurities. After that, steel is
released from the converter [10, p. 55-57]. Graphitized dust
is thrown out during blowing and collected in the mixer. In
the process, water is added to it (to facilitate collection),
dried and sent to storage or disposal.

Given that graphitized dust is a production waste,
secondary use is very relevant. Graphitized dust can be
classified as fillers that are inorganic in origin and
dispersed in form.

Presentation of the main material and analysis of the
results obtained

Production of composites for the study of their
mechanical properties was carried out using standard
methods. As a result, we received samples of the composite
of a cylindrical shape with a diameter and height of 15 mm
with a content of graphitized dust of 10...50 wt.%. The
properties of graphitized dust and the theoretical values of
the density of the obtained composites are presented in the
table 1 and fig. 1. According to the graph, the density of
the obtained composites should belong to the interval
between the minimum and maximum theoretical density
values.
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Table 1 — Properties of graphitized dust

Value
1,658...2,084
FeO (40,6), C (31,4), Fe203
(17,47), Si02 (7,1), CaO

Indicator
Density, p, g/sm’

Chemical composition, %

(2,65),
MnO (0,47), S (0,15)
Particle size, m <107
a5 I g/sm?
2,25
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Figure 1. Theoretical and experimental values of the density of
the obtained composites depending on the content of graphitized
dust

When making composites, the dispersed matrix and
filler are mixed using devices with a rotating body [8,
p-110]. In a special laboratory device, when an electric
current flows, a rotating electromagnetic field (0.12 T) is
generated, which affects the ferromagnetic particles
previously added to the mixture in such a way that they
move in the flask, mixing and grinding fluoroplastic F4 and
graphitized dust. After that, the ferromagnetic particles
were removed by the method of magnetic separation.

To form the products, the prepared dry mixture
was poured into the mold. The top and bottom are
closed with punches, they are used to evenly distribute
the load on the materials. With the help of hydraulic
table press TU 10003 TORIN, a pressure of 60 MPa
was applied. The method of hydraulic pressing was
chosen due to the possibility of changing the
composition and producing 6 samples at the same time.
However, this method is characterized by uneven
compaction and possible workpiece defects [9, p. 203].
All processes were carried out at room temperature of
12 °C (285 K). The resulting tablets were heated to
370 °C (643K) under a constant load of 60 MPa.
Subsequently, the samples were cooled to 150 °C (423
K) under the same load. The manufactured composites
were pressed out of the mold. After cooling the
samples, the fog was removed by a mechanical method
[7]. The same molding technique was used to make a
sample of pure F4 fluoroplastic. In fig. 2. manufactured
samples are shown.
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Figure 2. Made samples of fluoroplastic F4 and composites
with graphitized dust

The density of the finished samples was
determined by the hydrostatic method. In fig. 1
(experiment) shows the change in the density of
composites depending on the content of graphitized
dust. It can be seen that the obtained values are within
the limits of theoretical calculations. It can be seen from
the graph (see Fig. 1) that with an increase in the content
of graphitized dust in the composite material, the
average density of the sample decreases. At 10 % and
20 %, the density is almost the same, but the addition of
30 % and more filler greatly reduces it. This may be due
to the presence of pores due to uneven compaction
during sample formation.

To determine the index of abrasive abrasion of
composites, a HECKERT machine was used, on which
there was a grinding wheel with rigidly fixed abrasive
particles with a dispersion of 100 pm. Samples are fixed
in a replaceable holder, which is then installed to the
chuck of the machine. At the same time, the sample
specially protrudes 3+0.5 mm beyond the edge of the
holder. During the experiment, a constant load of 10 +
0.2 N is applied to it. During the experiment, the sample
moves at a constant speed of 10 + 1 mm during one
complete revolution of the machine drum along the
updated sanding pad. The complete path of friction that
the composite passes is 40 m. After the test is completed,
the wear products and dust are removed from the surface
of the sample and the tested material is weighed on
scales. In fig. 3 shows the dependence of the index of
abrasive wear of composites on the content of
graphitized dust. It can be seen from the figure that the
addition of 10% of graphitized dust improved the
surface abrasion value by reducing it from 2.974 mm3/m
to 2.539 mm3/m, but a further increase in the filler
content leads to a deterioration of this indicator.

At the next stage, we studied the friction surfaces
of samples of pure F4 fluoroplastic and composites
based on it. The research was carried out on a BIOLAM-
M experimental binocular microscope in reflected
incident light, which is equipped with a TREK digital
camera (DCM1300, resolution 1.3 megapixels) and
connected to a PC.
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Figure 3. Graph of the dependence of the index of abrasive
wear of composites on the content of graphitized dust

Photos of'the friction surfaces of the samples obtained
by the optical method are presented in fig. 4. In the photo
of friction for samples of pure fluoroplastic F4 (see Fig. 4a)
and a composite based on it with a content of 10 %
graphitized dust (see Fig. 4b), clear lines from abrasive
particles are observed.

gl e e

Figure 4. Photo of the friction surfaces of samples of pure F4

fluoroplastic (a) and composites based on it with a graphitized dust
content of 10 % (), 20 % (c), 30 % (d), 40 % (f), and 50 % (g)

Composite materials that contain more than 10%
graphitized dust (see Fig. 4c-g) are characterized by
surface defects, which is associated with the presence of
pores and voids at the place of particles of graphitized dust
that broke out from the surface during tests on friction.
These photos are blurry and the image is not clear. This
indicates poor adhesion [8, p. 43] between graphitized dust
and F4 fluoroplastic. So, the friction surfaces showed that
the increase in the indicator in composites with a content
of graphitized dust more than 10 % was due to poor
adhesion between the matrix and a large number of filler
particles.
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Conclusions

As aresult of the study, it was established that the use
of 10 % of graphitized dust in the production of the
composite leads to a reduction in the cost of materials by
10 % compared to pure fluoroplastic F4. Such results are
of great importance in conditions of mass production of
parts.

Testing of the abrasive wear rate revealed a decrease
from 2.974 mm’/m to 2.539 mm’/m when using 10 %
graphitized dust. This contributes to a significant increase
in the service life of parts, which will reduce the frequency
of their replacement and also allow to reduce production
costs.

As already mentioned, graphitized dust is waste and
the majority of it is subject to disposal. This process also
has a negative impact on the environment due to harmful
emissions. So, in addition to reducing the cost and
increasing the service life of parts, the use of such a filler
allows you to partially solve the problem of recycling
ecology.
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Mema pobomu. JJocniodcenns 6naugy epagimuzo8anozo nuiy Ha adbpasueHe CMUpamnHs KOMNO3UMIE HA OCHOBI

nonimempagmopemuneny.

Memoou Oocnioxncenna. ExcnepumenmanvHi OOCTHIONCEHHA SUKOHAHI i3 3ACMOCYBAHHAM CYYACHUX Memooi8
Qi3uyHUX ma MexaHiuHUux eunpobysaHs, wo 3abe3neuye 00CMOoBIPHICIb OMPUMAHUX pe3yabmamis. i eueomoeneHHs
3pA3Ki8 GUKOPUCAHO 1AOOpAMOPHULL 3MIiuLyeay 3 00EpMAlbHUM eNeKMPOMASHIMHUM NojdeM ma 2iOpasiiuHull
nacminornuti npec TY 10003 TORIN. 3sasicysanns 3paskis 0t 0ocnioie nposederno Ha éazax BJIP-200, oyinka cmupanms —
na mawuni HECKERT. BusuenHs nosepxonb mepmsi npo6edero 3a 00nomoeor mikpockony BIOJIAM-M.

Ompumani pezyrvmamu. Ilposedeni docniodcenns NOKA3au, Wo NOKA3HUK aOPA3UEHO20 CIMUPAHHS KOMRO3UMY 3
mampuyero norimempagmopemuneny smenutycmocs 3 2,974 mm>/m 0o 2,539 mm’/m npu emicmy 10 % apaghimuszoearnozo
nuny. Lle cnpuse 30inbuenno mepminy ciyocou oemanetl, Wo 3HUUMb YACMOMY X 3AMIHU, A MAKOIC O03BOJUNDb

SHU3UMuU sumpamu 6up06HML[}’}’Z6(1.
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Bpaxosyiouu, wo epagimuzosanuii nun € 6i0X000M MEManyp2itino2o UpOOHUYMEA, 6MOPUHHE 11020 BUKOPUCTNANHS

8 AAKOCMI HANOBHI08AYA OJi KOMNO3UMHUX MAMEPIaié 0036015€ YACMKOBO SUPIUUMU eKONO2IYHY npobremy ymunizayii

8i0x00i6 8UPOOHUYMEA.

Haykosea nosusna. Ha cb0200Hi 8120mosieHHs 8upo0i8 i3 KOMROZUMHUX MAmMepianié € OOHUMU i3 NepCneKMUSHUX
HANpsMKi6 6UpPOOHUYMBA, addce NOCOHAHHS NONIMEPHOI Mampuyi 3 pI3HUMU HANOBHIOBAYAMU OAE MOICIUBICIND
ompumyeamu OibUL eKOHOMIYHO GU2IOHI mamepianu, opmyiouu HeoOXioui @izuuni eracmusocmi. Moocaugicmo
BUKOPUCMAHHS 8 AIKOCMI HANOBHIOBAYA i0X00I8 BUPOOHUYMEA 00360JIAE GUPILUUMU AKMYATbHY HPOOIEMY CbO20OEHHs.
w000 6mMOpuUHHOI nepepobKku ma ymunizayii wKionueux Ons exonocii peuogun. Tomy npogedeHi O00CHIONCEHHS

8I0KpUBAIOMb HOGI WLIAXU 00 SUDIULEHHA KOMNIEKCY eKON02IYHUX A eKOHOMIUHUX NPOOIIEM.
IIpaxmuuna yinnicme. OOepoicani pe3ynomamu Maiomy 6adCIUGe 3HAYEHHS 8 NOOATLUIOMY NPOYeCi 8UPOOHUYMEA
Komnosumuux mamepianis. Moowciugicms nioguueHus cmiukocmi mamepiany 00 abpasusHo20 CMUpPAnHsA 00360Ji1€

8U20MOGAAMU 0emali, AKI NPayiooms 8 yYMOGax mepms.

Knrwouosi cnosa: komnosum, nanosHiosay, pmoponiacm @4, epagimuzosanuii nui, abpasusHe CmupamHs.
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