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Velychko! A.G., Sukhyi? K.M., Jiang Zhouhua?

Vibration characteristics and dynamic control of vacuum treatment

Abstract

Vibration characteristics of vacuum treatment at industrial steel vacuumisation units are studied. The amplitude-
frequency spectrum and the main sources of vibration of vacuum treatment units are analysed. It is shown that the vi-
bration spectrum is dominated by low and high frequency ranges. In the low-frequency range the vibration of vacuum
treatment units is connected with bath oscillations and wave formation on the surface, as well as with decarburisation of
metal during oxygen blowing and vacuum-carbon deoxidation and degassing processes. In the high-frequency region
the sources of vibration are pulsations of vented gases. Correlation relations between vibration and technological pa-
rameters of vacuum treatment are established. Possibilities of vibration method for dynamic control of vacuum treatment
are shown. The character of vibration signal level change at the frequency of 8 Hz reflects the dynamics of decarburisa-
tion during oxygen blowing of metal at reduced pressure. In the established frequency ranges the vibration characteris-
tics allow to control the processes of vacuum-carbon deoxidation and degassing.

Keywords: vacuum treatment, vibration characteristics, dynamic control, vacuum carbon deoxidation, vacuum degas-
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sing. Introduction

Acoustic and vibration control methods have been
widely used in the oxygen-converter process to
assess decarburization in the converter bath, to
determine the level of slag during the blowdown and
to predict slag-metal emulsion emissions [1-3].

At the same time, the wide possibilities and potential
of vibration and acoustic controlling systems open
prospects for their use, for example, in the vacuum
treatment of steel [4-5].

This paper presents the results of research on
vibration characteristics of steel vacuum degassing
in circulating vacuum degasser (RH) and DETEM
units.

At 100 and 160 t circulating vacuum degassing units
(Fig. 1) vibration sensors were installed at different
levels of the vacuum chamber body and on the lid.
As experiments have shown, the vibration signal
taken from the vacuum chamber body turned out to
be the most representative. At the same time, the
level of vibration signal and its changes during the
processing practically did not depend on the place of
installation of the vibration sensor on the body.
Therefore, in further experiments the measurement

of vibration characteristics was carried out with the
help of one sensor installed on the body at the level
of the graphite heating element.

Experimental

Both deoxidized, and crude metal were subjected to
vacuum treatment in the RH circulation unit. The
vacuum level in the vacuum chamber was monitored
in the process. During the treatment of crude metal,
a gas analyser allowed to monitor the composition of
the exhaust gases (CO, CO2).

The DETEM method, developed by Dorrenberg
Edelstahl and Technometal (Germany), is designed
for vacuum treatment of small weight melts (from 5
to 40t) without additional heating. The unit is a steel
ladle, which is vacuum-tightly covered with a lid from
above (Fig.2).

The vibration sensor was installed on the flange of
the ladle lid (Fig. 2), which is vacuum-tightly
mounted on the ladle and forms a single vacuum
chamber with it. Thus, the vibration signal was taken
directly from the element of the unit structure that
perceives and transmits the vibrational processes in
the ladle during blowing and processing.



1 — circulating vacuum degasser; 2 — ladle with metal;
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3 — branch pipes; 4 — suction to the steam jet pump;

5 — vacuum lock for powder supply;

6 — supply of transporting gas; 7 — heater;

8 — vibration sensor; 9 — preamplifiers; 10 — integrators; 11 — band
pass filters; 12 — switch;

13 — tape recorder; 14 — spectrum analyser;

15 — root-mean-square detector; 16 — recorder;

17 — multiband frequency analyser;

DN 18 — multichannel recorder.

Fig. 1 The scheme of vibration measurements on a circulating vacuum degassing unit.

|02

1 _

Jﬁ
' 1 — vibration sensor,

2 — signal amplification and
processing unit,
3 —recording device

Fig. 2 The scheme of vibration measurements at the DETEM unit.

Results and Discussion

The research was carried out in two stages. At the
first stage, amplitude-frequency spectrums of
vibration characteristics were studied, and vibration
sources were analysed. At the second stage,
correlations between vibration and technological
parameters of treatment were considered.

Fig.3 shows the amplitude-frequency spectrum of
the vibration velocity of the circulating vacuum

degassing unit during the treatment of rimmed and
deoxidized metal.

The amplitude-frequency spectrum of the vibration
velocity of the DETEM unit was considered during
the period of oxygen blowing and afterward during
the period of vacuum-carbon deoxidation and
degassing of steel (Fig.4).

Considering the comparability of vibration velocity
values measured at particular frequencies, the
amplitude-frequency spectrums in Figs. 3 and 4
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show the vibration velocity values in absolute units
(mml/s).

As can be seen from Fig. 3, the vibration spectrum
of the steel vacuum treatment in the circulating
vacuum degasser is represented in a wide
frequency range of 1-8000 Hz. Both for vacuum
treatment of rimmed and deoxidized steels, low-
frequency (4-16 Hz) and high-frequency (2 000—
8 000 Hz) ranges are distinguished. At the same
time, the vibration level during vacuum treatment of
rimmed steel in the whole frequency range due to
the intensive processes of vacuum-carbon
deoxidation is much higher than that measured
during treatment of deoxidized metal.

Rimmed steel
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The presented in Fig. 4 amplitude-frequency
spectrum of vibration velocity of vacuum metal
treatment at the DETEM unit complements the
amplitude-frequency characteristics obtained at the
circulating vacuum degasser due to the oxidative
decarburization at oxygen blowing in the DETEM
process. In this case, the amplitude-frequency
spectrum is characterized mainly by a low-frequency
range with a maximum level of vibration velocity at
4-6 Hz. The relatively high level of vibration at
frequencies 31.5 and 63 Hz is obviously related to
the influence of the electric field of close frequency
on the measured signal.

Deoxidized steel
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Fig. 3 Amplitude-frequency spectrum of vibration velocity of circulating vacuum degasser during treatment of

rimmed and deoxidized steel.
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Fig. 4 Amplitude-frequency spectrum of vibration rate at the DETEM unit.

During vacuum treatment of steel without oxygen
blowing, the amplitude-frequency spectrum of the
DETEM unit is also mainly characterized by the low-
frequency region. At the same time, the vibration
level at frequencies 4-16 Hz is significantly lower
than during oxygen blowing periods. It is noted that
the difference in vibration levels during oxygen

blowing and without oxygen blowing is most
significant at 8 Hz.

A relatively high level of vibration was noted at the
frequency of 8000 Hz. In general, the wide
frequency range of vibration during vacuum
treatment of steel confirms its connection with rather

complex physical and chemical processes occurring
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during the treatment. Changes in their dynamics
explain the differences in vibration levels in separate
periods of vacuum treatment.

Fig. 5 shows the comparison of amplitude-frequency
spectrums of vibration displacement and vibration
velocity of 160 t oxygen converter, and DETEM unit
during oxygen blowing and RH unit during vacuum-
carbon deoxidation and degassing.

Vibration of the wvacuuming units and oxygen
converter is characterized by the low-frequency
region of 1-16 Hz. At the same time, vibration
displacement and vibration velocity levels for the
oxygen converter are much higher than those
recorded at DETEM and RH units.

Vibration velocity at frequencies of 2-16 Hz for
oxygen converter is 300-370 mm/s, on DETEM
units during oxygen blowing - 180 mm/s and on RH
units during vacuum-carbon deoxidation and
degassing - 50-150 mm/s.

The latter is due to different intensity of metal
decarburization. During blowing in an oxygen
converter with intensive blow supply, the vibration
level is high. The DETEM unit is much less vibrating
because the blowing intensity is lower, and the
decarburization rate is not as rapid. In the RH unit,
which realizes volumetric decarburization by
vacuum-carbon deoxidation, the vibration
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The performed experiments of  vibration
characteristics measurement during treatment of
deoxidized steels have shown that the processes of
vacuum-carbon deoxidation and degassing taking
place in the vacuum chamber of RH are manifested
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displacement intensity and vibration velocity are
much lower.

Based on the analysis of physical and chemical
processes during the vacuum treatment of steel, the
oscillatory effects causing the vibration of the
vacuum treatment units have been identified.
Considering possible oxygen blowing, the sources of
vibration during vacuum treatment are:

- pulsations of oxygen jet when flowing through
lance nozzles;

- vibrational processes during interaction of oxygen
jet with melt;

- vibrational phenomena at interaction of argon jets
with a metal bath and release of argon bubbles;

- pulsations during the formation and release of
argon bubbles during blowing through a porous
insert;

- wave processes on the surface of circulating metal;
- self mechanical vibrations of the vacuum chamber;
- acoustic resonances of oscillations in the free
volume of the vacuum chamber;

- vibrational phenomena in case of the volumetric
type of vacuum-carbon deoxidation process;

- vibrational processes during decarburization in the
secondary reaction zone;

- pulsations of exhaust gases.

i - LD Converter unit a)
& - DETEM unit
# - RH unit

128

in the vibration of the unit body. These frequencies
are 4-8 kHz.

In the specified frequency range, the vibration signal
was recorded to the secondary registration device
directly from the body of the vacuum chamber. As
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an example, Fig. 6 shows changes in the vibration
signal level at the frequency of 8 kHz during
treatment. Considering that the vacuum in the
chamber (less than 1 mbar) was reached practically
by the 4th minute of treatment, the duration of
vibration level decreasing for 7 minutes is
considered as one that characterizes the dynamics
of vacuum-carbon deoxidation and degassing
processes. The type of the given curve, as well as at
other melts, is close to the known dependencies of

JIleopis i NPaKMUKg Memarypeii

At the beginning of the treatment, at relatively high
concentrations of oxygen and hydrogen in the metal,
the vibration signal level is maximum. In the process
of vacuum-carbon deoxidation and degassing, as
the concentration of oxygen and hydrogen in the
melt decreases, and the corresponding slowing
down of the rate of oxygen binding and hydrogen
removal, the level of vibration signal decreases. At
the 8th minute of processing, the vibration level
reaches the minimum values and does not change

oxygen and hydrogen content change in the process  further, which indicates the completion of the
of treatment [6]. vacuum-carbon  deoxidation and  degassing
processes.
100
90
< 80
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(]
i>3 60
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w 40
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S 30
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0
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Duration of treatment, min
Fig. 6 The changing of the RH unit vibration level at frequency 8 kHz.
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Fig. 7 The changing of the vibration level and the content of carbon oxides in exhaust gases during the

treatment of rimmed steel in the RH unit.

During treatment of crude metal, along with the level
of vibration signal, the content of CO and CO: in the
exhaust gases was monitored. Fig.7 shows changes
in the vibration signal level and the content of carbon
monoxide and the value of {CO} + {COz} during the
treatment. Close character of change of the
monitored values in the main period of treatment is
established. After the third minute of processing, the
air from the chamber is practically withdrawn, and
the amount of gases is determined by CO and CO2
emitted because of vacuum-carbon deoxidation.

Changes in the level of the monitored vibration
signal correspond to changes in the amount of
withdrawn gases, consisting mainly of CO and CO2.
After 19 minutes of treatment, practically zero and
not changing values of {CO} + {COz2} in the exhaust
gases correspond to a constant (background) level
of the vibration signal, which, in this case, was
determined by the flow rate of the injected and
exhausted argon.

Thus, the variation of the vibration signal in the high-
frequency range is related through the amount of the
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exhausted gases to the vacuum-carbon deoxidation
processes.

According to changes of vibration signal level, it is
possible to control the dynamic of vacuum-carbon
deoxidation processes during the treatment and to
determine the completion of these processes by
reaching the minimum and constant values of
vibration level. In the case of deoxidized metal
treatment, when the composition of waste gases is
not controlled, vibration control is the only indirect
dynamic characteristic of the vacuum-carbon
deoxidation process flow.

The character of vibration signal level changes in the
low-frequency range during the treatment was
studied at the frequency of 8 Hz. At this frequency,
changes of vibration signal are most likely related to
the processes of boiling and barbotage of the bath
because of argon blowing, gas release during
vacuum-carbon deoxidation and metal degassing.
Fig. 8 shows the character of changes in the
vibration signal level at a frequency of 8 Hz during
deoxidized steel treatment. During the first 2 minutes
and 40 seconds of treatment, the vibration signal
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level is relatively low (about 30% on the scale of the
secondary registration device) and is determined by
the intensity of argon blowing of the metal. At the
end of the 3rd minute of treatment, there is a sharp
increase in the level of vibration signal from 30% to
66%. The increase in vibration level is associated
with metal boiling, because of the development of
vacuum-carbon deoxidation and metal degassing
processes. At this point, low pressures in the
vacuum chamber are reached at relatively high
oxygen content in the metal. Further, as the metal is
deoxidized at constant vacuum chamber pressure,
the boiling intensity decreases, which s
accompanied by a continuous decrease in the
vibration signal value. At the 7th minute of treatment,
the level of vibration signal decreases to 32% and
stabilizes. The latter indicates the completion of the
vacuum-carbon  deoxidation and  degassing
processes at the selected treatment mode. At the
end of treatment, as well as in the first two minutes
of the process, the vibration level is determined by
the bath barbotage because of argon blowdown.

6 8

Duration of processing, min

Fig. 8 The changing of the vibration signal level at frequency 8 Hz.

At sharper reduction of pressure in the vacuum
chamber (during the first two minutes, the pressure
in the chamber was reached less than 3 mbar),
earlier boiling of metal was recorded because of
intensive processes of vacuum-carbon deoxidation
and degassing. Fig. 9 shows that the maximum
vibration levels, indicating the intensive processes of
100

80

60

Vibration level,%

40

20
0 2 4

vacuum-carbon deoxidation and degassing, were
reached already by the end of the 2nd minute of
treatment. Subsequently, a decrease in the vibration
signal level was observed, which by the 7th minute
of processing decreased to minimum values (about
30% on the scale of the secondary registration
device).

6 8

Duration of processing, min

Fig. 9 The changing of the vibration signal level at high-frequency range.

In general, as industrial studies have shown, the
information about changes of vibration signal level in

10

the low-frequency range allows controlling directly
the intensity of vacuum-carbon deoxidation and



ISSN 1028-2335 & & o sobsmmisrkasin

Ned, 2023

degassing processes. It also allows determining the
moments of their beginning and ending.

The above dependencies were used as a basis for
the developed vibration control of vacuum-carbon
deoxidation and degassing processes during steel
treatment at the RH circulation-type unit. To improve
the accuracy, reliability, and validity of control, it was
proposed to measure the vibration level
simultaneously in the low- and high-frequency
ranges.

On DETEM units, vibration control was carried out at
a frequency of 8 Hz. Fig. 10, as an example, shows
the change in the vibration level at a frequency of 8
Hz at one of the melts. It was found that the
character of changes in the vibration signal level
reflect the dynamic of carbon oxidation during the
blowdown. [7]. Up to the 2nd minute of treatment,
the level of vibration signal increased from 20% of
the background value up to 70% (on the scale of the
secondary registering device). During the first 4
minutes of oxygen blowing, due to the intensive
decarburization process, the vibration signal level is
high and fluctuated in the range of 50-78%. After the
6th minute of blowing, the vibration decrease was
indicating the slowing down of carbon oxidation. At

JIleopis i NPaKMUKg Memarypeii

the same time, the vibration signal level was
decreasing from 64% to 22%. The decrease (almost
three times) of carbon oxidation rate relates to a
decrease in its concentration in metal, a decrease in
oxygen assimilation degree due to the lance
heightening and decreasing of the depth of its
immersion into the bath. At the 9th minute of
blowing, the zone of oxygen jet injection on the
surface of the bath was visually observed. At that
moment, the lance was immersed to the working
depth of 200 mm. Consequently, the decarburization
rate increased and, accordingly, the vibration level
increased from 23% to 44%. However, due to the
lower carbon content in the bath, the carbon
oxidation rate and signal level recorded at 2-6
minutes of blowing were not achieved. After the 12th
minute, the typical decrease in decarburization rate
and vibration signal level occurs again, indicating the
reasonability of stopping oxygen blowing. When the
level of vibration signal decreased almost to
background values, the lance was lifted, and blowing
was stopped. In the process of further treatment of
metal under vacuum (without oxygen blowing) from
13 to 21 minutes, the level of vibration signal
remained constant (about 20%).

100
Lance movement
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Vibration level, %

20

0 2 4 6 8 10

12 14 16 18 20 22

Duration of treatment, minutes

Fig. 10 The changing of the vibration signal level in the low-frequency range (8 Hz).

The obtained results formed the basis of the
developed system of vibration monitoring and
controlling of the oxygen blowing process. In
accordance with the chosen algorithm, to intensify
the treatment process, the vibration level at a
frequency of 8 Hz and the decarburization rate are
kept as high as possible within the operating
conditions of this DETEM unit.

Considering the results of the application of vibration
control at the circular vacuuming unit, at the DETEM
unit of the metallurgical plant “Dorrenberg Edelstahl”
vibration control was applied to evaluate the
processes of vacuum-carbon oxidation and
degassing. In general, the character of the obtained
dependencies was close to those obtained by
vibration measurements in the circular vacuum
degasser.

The similarity of the results in both cases is due to
identical sources of oscillations generating vibration

of vacuuming units and testifies to the universality of
the established patterns.

Conclusions

1. Vacuum processing vibration has been studied
and the amplitude-frequency characteristics of
circulating vacuum (RH) and DETEM units have
been analysed.

2. The main sources of vibration during vacuum
treatment of steel are highlighted. It is shown that in
the low-frequency region, the vibration of vacuum
treatment plants connected with decarburization of
metal during oxygen blowing and processes of
vacuum-carbon deoxidation and degassing. In the
high-frequency region, the sources of vibration are
pulsations of exhaust gases.

3. Correlations between vibration and technological
parameters of vacuum treatment have been
established.

11
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4. The conclusion is made about the universality of
the patterns obtained at RH and DETEM
installations and the possibility of application of the
developed approaches for control of vacuum
treatment processes at different types of units.

o %% ¢ ISSN 1028-2335 Ne4, 2023

5. The principal possibility of application of the
vibration method for control of decarburization and
degassing during the vacuum treatment of steel is
shown. The reasonability of vibration control of
vacuum treatment in low- and high-frequency ranges

is established.
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InaykuiiiHa miv - yHiBepcaJbHU MeTAJYPriiiHUI arperar JJs TBep-
10(¢a3HOr0 Bi/ITHOBJICHHH TA IJIABJIEHHS CTAJI I BUCOKO BYIJIeLIeBOI0
(pepomapranuro®
Grek 0. S., Velychko K. O.

Induction furnace - a universal metallurgical unit for solid-phase re-
duction and melting of steel and high-carbon ferromanganese**

AHOmauis.

3anponoHosaHo crioci6 meepdoghasHo2o 8iOHOBIEHHSI OKcudig 3aniza ma MapaaHUyto ma rnnasfneHHs cmarni ma gepo-
mapeaaHyro 8 iHOyKUitHIU reyvi. HasedeHo cxemy npouecy 8iOHo8eHHSI okcudie 3aniza ma mapeaHur. Y sKkocmi wux-
mosux Mamepiarsie 3anporioHo8aHO euKopucmosysamu okamuwi (bpukemu), sKi ckrmadarwmbcs 3 cymiwi pyoo-
8yainbHOI cknadosoi ma mamepiany, Wo Micmumse 3ani30, abo chepomapzaHeub-pydo-8yeinbHi okamuwi (bpukemu) y
pa3si 8i0Ho8eHHs1 okcudie MapeaHuo. Po3anssHymo MexaHi3m HaspisaHHsI mako2o okamuwy (bpukemy) & iHOYKUIUHIU
reyi i npogedeHo eKkcriepuMeHmarnsHy nepesipky moxnueocmel Mmemody. [lokazaHa 8ucoka eghekmusHicmb meepdo-
¢hasHoz20 8iOHOBMEHHSI Ma 1asieHHs1 cmari ma ghepomMapaaHyto 8 ymosax 11abopamopHUX ma fnpoMUCIo8uUX iHOYKUit-
Hux reyeu.

Knro4osi crioga: meepdoghasHe sidHosnerHs, iHAyKuiliHa nid, okcudu 3aniaa, OKCudU MapaaHuo.

Abstract.

A method of solid-phase reduction of iron and manganese oxides and melting of steel and ferromanganese in an induc-
tion furnace is proposed. The scheme of the process of reduction of iron and manganese oxides is presented. It is pro-
posed to use pellets (briquettes) consisting of a mixture of ore-coal component and iron-containing material as charge
materials, or ferromanganese-ore-coal pellets (briquettes) in the case of manganese oxides reduction. The mechanism
of heating of such pellets (briquettes) in an induction furnace is considered and the capabilities of the method are exper-
imentally verified. The high efficiency of solid-phase reduction and melting of steel and ferromanganese in laboratory

and industrial induction furnaces is shown.

Keywords: solid-phase reduction, induction furnace, iron oxides, manganese oxides.

Beryn.

Be3ymMoOBHWI NpakTUYHWI iHTEepec NpeacTaBnse 3a-
BAAHHS OTPUMaHHS NPOAyKTYy TBepaodasHoro Bia-
HOBMEHHS, NOro Ta NNaBfeHHs cTani B ogHOMY Me-
TanyprinHomy arperarti. ABTOpu 3anporoHyBanu B
SIKOCTi Takoro yHiBepcarnbHOro arperaty BUKOPUCTO-
BYyBaTu iHAYKLUINHY niv. Bonogitoun xopownmmn eHep-
reTUMHUMM MOXKINBOCTAMM [1], Opeosn BUKOPUCTaAHHS
IHOYKUIMHUX neYen 4iTKo npeacTtaBneHun nmBapHU-
MU LexamMn mMalimMHoOyaiBHUX 3aBoAiB, TaMm, Ae MoT-
pibeH pigkun meTan gna nuTTa, Tam, ge peanisyloTb
nepennaBneHHa MeTaneBoro 6pyxTy, 30Kkpema, He
TifIbKW 3asi3HOro, a N KoNbopoBUX MeTarsiB i cnnasiB.
Bigomi npuknagn HeBenukux 3aBogiB (Hanpuknag, B
IHAiT) [2],3 BIAHOCHO ManNUMM IHAYKUINHAMUW neYyamu,
SKi BUNNaBNAKTb CTanb, NepennaensoynM meTtane-
BUI OpyxT i rybyacTe 3aniso TBepaodasHoro BigHo-
BMNEHHS 3 OTPUMaHHAM Hajdani copToOBOro Npokary.
Mo-pisHOMY MOXHa oUuiHIOBaTW Take cTanennaBumb-
He BMPOOHMLTBO, ane 3asvparyn B Hegarneke man-
OyTHE, 3 HALWOro NornsiAy Ta YSIBIEHHS, BOHO 3acny-
roBye Ha po3rnsiga.

AHani3 nirepaTypHUX JaHUX.

To yomy X iHAyKUinHa niv? Hacamnepen Buxoasun 3
KOHUenuil BUNMaBK/ cTani Ha ManuMx MeTanyprinHmx
3aBofax [3]. CboroaHi BxXe npauoTb iHAYKUIMHI ne-
yi eMHicTio 30-35 T i 3i 36iMbLWEHHSAM NMOTYXXHOCTI iH-
AYKUIHOrO HarpiBy, LifikOM MMOBIpHO, 6yayTb BMKO-
pucToByBaTuCS i Oinbll BENUKOTOHHaXHI nedi, Ao
npuknagy Hanwbinbwa iHAyKuiiHa niv B CBiTi HA 65 T
ekcnnyatyeTtbca 3 2014 poky y Kutai [4]. Lo cTocy-
€TbCsl TPMBANOCTI NaBkW, TO BAOCKOHANEHHs1 obna-
AHaHHA Ta TEXHOMOriN, HOBI TEXHIYHI pilleHHs 3p06-
NATb CKOPOYEHHSI TPMBANOoCTi NNaBKM NUTAHHAM 4Ya-
Cy i UINKOM O4iKyBaHMM (SIK Lle cTanocs [OCUTb

LWBMAKO MNif Yac BUMMaBKM CTarni B OyroBux enekTpo-
cTanennaBuibHUX nevax).

BiacyTHICTb MOXIMBOCTI padpiHyBaHHA po3nnasy, K
Lue peanisyloTb Y KUCHEBOMY KOHBEpTepi Ta Ayrosii
enekTpocTanennaBunbHiA Nedi, € Benukow npobre-
MO0 iHOYKUIMHOT nedi, ane cnocobu nosanivyHoi 06-
pobku cTani, fKi LUMPOKO 3aCTOCOBYHTb CbOrOAHI,
0adyTb 3MOry 3BeCTU A0 MiHIMyMYy i Lo npobnemy. A
pes3ynbTaTu, HanpuKnag O4EPXKYBaHi HA yCTaHOBKaX
BaKyyMHOI iHOYKLINHOI MfaBKX Ta iHLWMX 3 BUKOPUC-
TaHHAM HOYKUIMHMX neYen NigTBepaXyrTb MOXMN-
BOCTi BUMMaBKN SIKICHUX MeTanis i cnnaseis [5-6]
HeBuncoka CTilikiCTb pyTepyBaHHSA iHAYKLUIMHOT nevi
[7], Ha Haw nornsa, Uinkom po3B'a3yBaHe iHXeHepHe
3aBAaHH4, sike 3Hange pilleHHs B Mipy 30inbLueHHSs
KINbKOCTI iIHOYKUIMHUX NeYen, 3anHATUX Yy MacoBOMY
BMPOOHWLTBI CTani Ta HapoLLlyBaHHi obcsariB BUNnae-
Kn cTani.

OTXe, YOTUPU OCHOBHI NPUYMHU, AKI CTPUMYIOTb BU-
KOpPUCTaHHS iHAYKUIMHUX neYyen y maclutabHoMy Bu-
po6HMLTBI cTani:

- Mana eMHiICTb neyewm;

- TpMBarna nnaeka;

- BiACYTHICTb MOXNuMBOCTEN padiHyBaHHSA MeTany
0e3nocepenHbO B iHOYKLIVHIN nevi;

- HM3bKa CTINKICTb (pyTepyBaHHS.

Lli npobnemn matoTb Micue 1 0OMeEXyHTb BUKOPUC-
TaHHA HOYKUINHUX neyen ONs MacoBOI BUMMaBKU
cTani, xo4a 1 nepebopHi B NepcrnexkTuBi.

TexHornorii OTpMMaHHA NpoOAYKTIB TBepaodasHoro
BiQHOBNEHHS Ta X BUKOPUCTAHHA ANSA MMaBfeHHA
cTani OTPMMYHTb PO3BUTOK i CbOrOAHI 06CArn BUpO-
OoHuuTBa MeTanisoBaHux DRI i Sponge gocsraioTb
135 mMnH TOoH Ha pik [8]. Mpouecn TBepaodasHoro
BIJHOBMNEHHS BUKMOYAOTb AOMEHHE BMPOOGHMLTBO,
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ane BMMaralwTb NepennaBy MeTanisaoBaHMX NPOAykK-
TiB y AyroBin enekrpocranennaBunbHin nedvi (Puc. 1)
[9]. B6epiratoTbcs NpobNemMn 3 NPOAYKTUBHICTIO YC-
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TaHOBOK TBEPAOGa3HOro BigHOBMEHHS Ta eHepreTu-
YHMMM BUTpPaTaMu Ha npouec.

3anisHa pyda (kyckoBa)
IligroroBka Yeranoka
Jamiama PYAHOL HIMXTH NpAMOTo
pyaa . Konuenrpar P —
(nompiOueHHs, o :
36araueHHs) CPYAKYBaHHS | . | METaNi30BaHo | pp; Tom
(6puxeTyBaHHA) (Gpurern)| 1O HPOAYKTY
Byrins IMigroroska Konuenrpar (DRI)
BYTULISA BiTHOBJIEHHSA
razamH.
Byrinns (kyckose)
Meranonpokar | IIpokarni | _SIkicHa crank | [lozamiuna Crane Jlyrosa
—_— < |
CTaHd 0bpobxa eJIEKTPOCTAIeN
JTaBWIbHA MY
(IECII)

Puc. 1. TpaguuinHa NnocnigoBHICTb OTPMMaHHA NPOAYKTIB TBEpA0dAa3HOro BiHOBMEHHS Ta iX BUKOPUCTAHHS

ONa NnaBfeHHa cTani.

MeTanisoBaHi OpukeTu (okatui), (ryd4acTe 3aniso -
Sponge), y ubOMy TEXHOMOMNYHOMY NaHLIKKKY Cry-
ryloTb Anst NiALMXTOBYBAHHS B KMCHEBOMY KOHBEP-
Tepi abo AOyroeii enekTpocTanennaBuibHIN nedvi
[10]. ¥ BCix BMNagkax NpMCYTHIWA arperaTt Ans BigHO-
BMNEHHA Ta OTPUMMaHHA 3ani3a y BUrnagi 3anisa nps-
MOro

BiAHOBMEHHSA, rybuyacTtoro 3anisa, i cTanennasusb-
HWI arperaTt Ans Po3nsaBfeHHsA OCTaHHiIX.

ABTOpY po3rnagalTb iHWWA TEXHOMOTNYHUI NaHLto-
XOK, WO nepeabadae BUKOPUCTaHHS iHOYKLINHOI ne-
yi. BignosiaHO 00 HbOrO, Mif Yac BMNNaBKW cTani He
3aCTOCOBYOTb JOMEHHY MiY, BUKITHOYAOTb KOKC i KOK-
COXiMiYHEe BMPOBHULTBO, HE BUKOPUCTOBYHOTb KUC-
HEeBO-KOHBEPTEpPHUIA arperat abo OyroBy enekTpoc-
TanennasuneHy nid (Puc. 2).

[Migroroska
3anizHa pyaa PYAHOL HMXTH | oy enrpar
(nonpibuenHs, o
36aradeHHs) TPYAKYBAHHA | &y
(OpukeryBaHHs) (Gpuicn)
Byrims [TigroroBka Konuenrpar
BYTLILIA
Meranonpoxar | Tlpoxarni | Skicnacrame | ITosamiuma | C™"® | [upykuiiina mig
CTaHH 0bpobka (1IT)

Puc. 2. TexHonoriyHa NocnigoBHICTb OTPMMaHHS CTaneBoi NPOAYKLUii 3 BUKOPUCTaAHHAM iHAYKLUIAHOT nedi Ta

NpoayKTiB TBepAoda3HOro BifHOBNEHHS.

MpuHUMNOBMM Yy  3anNpOMOHOBAHIN  TEXHOMOrIYHIN
CXeMi € BUKOPUCTaHHS iHOYKUINHOI nedi sk cymile-
HOro MeTanypriiHoro arperaty - nedi ang TBepao-
¢a3HOro BiAHOBIEHHSA i PO3NnaBneHHAM MPOAYKTIB
TBEpAodasHoro BigHOBNEHHA 3 noganbwunm padi-
HyBaHHAM. TBepaodasHe BiJHOBMEHHS MOXe npo-
BOAMTUCA BYrNneLeM, YacTKOBO BYrfeLeM i BOAHEM
abo TinbkM BogHeM. B octaHHbOMY BMNagky, Lo Oy-
e BaXNMBO, peani3yeTbCA KOHUENUIa «3eneHoi»
MeTanypril. Tak iHAyKUiHa Ni4 CTae OCHOBHWM pPO-
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6ounMm MmeTanypriiHum arperatoM s BUMNIaBKu
cTani.

Y3aranbHowuKM nepesarn BUKOPUCTAHHS IHOYKUIAHOT
neyi B LLbOMY BUNaAKy, BUAINUMO:

- MOXINUBICTb BUKOPUCTaAHHA MEepPBOPOAHOI pyaHOT
LWIMXTK (3ani3Hoi, MapraHLueBoi, XpOMOBOI pyau i BY-
rinns);

- peanisaudito TBepaodasHoro BiAHOBMEHHA 3 BUCO-
KUMW MOKasHMKaMn 3a MPOAYKTUBHICTIO i CTyNeHeM
BiJHOBIIEHHS;
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- HE BUKOPUCTOBYETBLCS KOKC;

- B OJHOMY arperati NpoBOAUTLCA SK TBepAodasHe
BiHOBIIEHHS, TaK i OTPMMaHHS pO3NnnaBAeHoro npo-
nyKTy;. . . e

- peani3yeTbCs KOHLIENLis «3eneHoi» MmeTanyprii;

- Marne BUMapoBYBaHHS NEryloynx enemeHTiB i 3ani-
33;

- MOXITMBOCTI TOHKOrO perynioBaHHSA TemnepaTypu
nig Yac BegeHHs NPoLECiB;

- BiACYTHICTb rpadiToBMX enekTpoaiB K y Ayrosii
ernekTpocTanennaBuibHIn nevi;

- MePCneKT!BM, WO BiAKPUBAKOTLCS, LWMPLLOrO 3a-
CTOCYBaHHS iHOYKUIMHOro HarpiBy Ansi BACOKOSKICHOI
MeTanypril Ta peuuksiHry.

IHOYKUINHA NiY MOXe po3rnsgaTtucsa 9K yHiBepcarnb-
HUW arperaTt Ans MiHi MeTanyprinHux 3aBogiB. YHi-
BepcarnbHIiCTb iHAYKUIMHOT NeYi y uboMy BMNaKy Lie
Ny TOMy, LLO TEXHOIOTi0 MOXHa peanidyBaTu Ta 3a-
BEPLUUTU SIK HA eTani OTPUMaHHSA NPOAYKTY TBepOo-
(hasHOro BiAHOBMEHHS, TaK i OTPUMAaHHSA PigKoi cTa-
ni.

OCHOBHUM NPUHLUMNOM POBOTU HAYKUIHOI nedi €
HaBeAEHHSA MarHiTHAM nonem cTpymiB Pyko B MeTa-
NEBIN LWNXTi, NepeTBOPEHHSA €NEKTPUYHOI eHeprii B
TENNoBY, HarpiB Ta poannasneHHs meTany [11-12].
3aBasiku Uin cneumdidi i poboTn, NpoBeAeHHsT Ha-
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Ak nokasanu ekcrnepumMeHTU, peanisaLis Takoro Ha-
rpiBy Mae CyTTeBi HeONiKN: HEMOXIUBICTb peanisa-
uii po3nnaBneHHa BIOHOBMNEHOI LWMXTWU; [OCUTb
CKnagHa KOHCTPYKUia cuctemm obirpiBy 3 rpadito-
BUMMW eneKkTpogamu; BiQHOCHO TpuBanun npouec i3
npobnemamm 3 [OOBaHTaXEHHSIM LUMXTU; HU3bKa
NPOAYKTUBHICTb; BIAHOCHO BENWKWW CTYNiHb Heno-
BiJHOBNEHHS PYAHOI CKNaaoBol.

AHani3 iHWKUX MOXNUBOCTEN [O3BOMNMB 3anporoHy-
BaTW BUKOPUCTAHHSA B SIKOCTi 0birpiBanbHOro eneme-
HTa - 3anisoBMicHW MaTtepian. Ha nepwomy eTtani
BMKOPUCTOBYBAnNu MOAPIOHEHWI NerkoBaroBuin me-
TanesBun NoM, KK 3aBaHTaXyBarnu B iHAYKUINHY nNiy
pas3om i3 pyao-ByrinbHOW cymiwwto. Cnocrepiranm
edeKTVBHe HarpiBaHHsi pyAo-BYrifbHOI CyMilli, Big-
HOBJIEHHA Ta nojarnblue POo3nfaBfeHHs WNXTU. Y
LbOMYy BUMNaAKy NraBKy NMPOBOAMMIWN OO OTPUMAHHSA

JIleopis i NPaKMUKg Memarypeii

rpiBy OKCMAHOI CKNagoBoOi Ans TBepAodasHoro Big-
HOBJMIEHHA B iHAYKLUIiMHIN Nedi paHiwe He pos3rnaga-
nn.

ABTOpM peanisyBanu onocepenkoBaHUW Harpis py-
00-BYFiNbHOT CyMmili B iHOYKUIMHIM nedi 3a 4onomo-
roto rpadiToBux enekrpoais (

Puc. 3). B iHaykuinHy nivy nomiwanu rpaditoBi enex-
Tpoawu, 3acunanu pyao-ByrifibHY LWMXTY i MPOBOAMIIN
iHOYKUINHWA HarpiB rpadiToBMX enekTpoais, siki, B
CBOI Yepry, obirpisanu, pyao-ByrinbHy CyMil WO iX
oToyyBana. Pypgo-ByrinbHa Cymiw AOCUMTb LUBMAKO
nporpieanacb 6ins NoBepxHi rpadiToBNx enekTpoais
i 3 HEBENUKOIO LUBWAKICTIO, B 30HAX, BiaganeHux Bif
rpadpitoBMx enekTpoais. [nsi MPUCKOPEHHSA Harpi-
BaHHSA BigdaneHuX AiNsiHOK noTpibHo Oyno posTa-
LWyBaHHSA OINbLUOT KiNbKOCTI rpadiToBMX enekTpoais
Ta 3MeHLIEeHHs BiACTaHi Mix 0bGirpiBalouMMK enekT-
poaamu.

3 Cxema onocepegkoBaHOro Harpisy pyno-
BYrifbHOI CyMilli B iHAYKUINHIN Neyi 3a JOMOMOrow rpa-
diToBMX enektpogie (1 — rpaditoBui obirpiBay iHoyK-
LiMHa niy, 2 — pygo-ByrinbHa cymill, 3 — iHQYKTOP neui).

pigkoro mMetany, i Ha eTani OTpPMMaHHSA MPOAYKTY
TBEPAOMA3HOro Bi4HOBMEHHS, BiJOKPEMUTHM NOrO Bif
MEeTarneBoro fIoMy He BUSBMANOCS MOXIMBUM.
OnTuManbHUM i3 PO3IMAHYTUX BUSIBMBCSA BapiaHT
BMKOPUCTaHHS PYAO-BYrinbHOI cymiwi 3 ApibHoguc-
nepcHNM BigHOBMEHMM rybyactum 3anisom (3aniso-
BMiCHMUM maTtepianom - 3BM). Y uboMy Bunagky, sk
nokasaHo Ha Pwuc. 4, posTallyBaHHA 4aCcTMHOK B
OKaTULLi BKIIOYAE YaCTMHKM MeTarnisoBaHoi ryoku,
BYFinns Ta 3anisopyaHoro KoHUeHTpaTy. Ak nokasa-
nM obumucneHHs npu poaMipax (pagiyci) 4YacTUHOK
3BM, Byrinna Ta pygHoro koHueHTtpaTy 0,5 mm,
0,25 mm i 0,5 mm BignosigHo, Ta Bmicty 3BM y cy-
Miwi, Hanpuknag, 40 %, Ha ogHy 4YactuHky 3BM B
enemeHTi ob'emy okaTuwy (6pukeTy) npunagae 2
YaCTUHKM PYOHOro KOHLUEHTpaTy i 9 4acTUHOK BYTrif-
ns.

15



JITeopis i NPaKMUKG MEMAAYPZIL o

o x ¢ ISSN 1028-2335 Ned, 2023

@ 3anizoBmicHui Marepian — 3BM (Sponge)

. Byrius

O 3anizopyauuii konueHrpar — 3PK s 2

Puc. 4. Cxema po3TallyBaHHS YaCTUHOK Y 3ani30-pyao-ByrinibHOMY GpUKeTi.

Cxema 1BepaodasHoro BiAHOBIEHHSA Y 3anponoHO-
BaHin cymiwi y cknagi okatuwy (6pukeTy) npeacra-
BreHa Ha

Puc. 5. YactuHkn 3anisza y cknagi okatuwy (6puke-
Ty) € o6irpiBanbHUM enemeHToM, sKi npu obirpisi

nepegalTb TEMMO OTOYYOYUM iX YaCTUHKaM BYrinns
Ta pyaHoro koHueHTpaty. OBirpiB YaCTUHOK BYrinns
npu3BoAMTbL 00 iX rasudikalii, a MOHoOKCcUa Byrne-
L0, SIKUA NPU LIbOMY BUBINBHIOETLCS, BiAHOBIOE OK-
Cvam 3ani3a y HarpiTux YyacTuHKax pygHOro KOHLEH-
Tpaty. BpaxoBytoum n - KinbKiCTb YaCTMHOK 3arnisa
BOHW OPraHi3oBYOTb HarpiBaHHA okaTuwy (OpuKeTy)
BCepeanHi noro ob'emy.

Puc. 5. Cxema BigHOBNEHHS OKcuAiB 3anisa B 3ani3o-
py4o-BYrifibHOMY OKaTuLLi (BpUKeTi).

BigHoOBReHHA rematuty ige no cxemi (1) Npu LbOMY NOCMIJOBHO NPOXOAATL peakuii BiaHOBNeHHs (2-4) [13].

Fe, O3 - FesO4 - FeO — Fe
3Fe;03 + CO — 2Fe304 + COs
Fes04 + CO — 3FeO + CO2
FeO + CO —» FeO + CO2

MapanensHO pocnigXyBanu MOXIMBICTb BiHOB-
NEHHSA OKCMAIB MapraHulo y OGpukeTi: mapraHueBun
KOHUEeHTpaT — BYrifnas — BUCOKO Byrneuesun ¢epo-
MapraHeub. [ns nocnigosHoro BigHoBNeHHA MnO:2
— Mn203 - Mn3Os — MnO kinbkicTb Byrinng obu-
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3
4

panu gocTaTHIM ANS BiOHOBMEHHS OKCUAiIB MapraH-
uto (Puc. 6). MNpu ubomy Byrneuesun epomapra-
Heub CNyryBaB OCHOBHUM HarpiBa4yemMm B yMOBax po-
00TK iHAYKUINHOI neui.
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Puc. 6. Cxema nocnigoBHOro BigHOBMEHHSI OKCUAIB MapraHLto

Ha Pwuc. 7 HaBegeHO cxemy MoOCnigoBHOrO TBEPOO-
(hasHOro BiOHOBMEHHS B PyAO-BYriNIbHOMY OKaTuLLUi
Ta enemMeHTi hepomapraHeLb-pyao-BYrinbHOro oka-
TMwa (bpukety). B 0box Bunagkax BigHOBHUKOM €
MOHOOKCUA BYrfeuto SK NpoaykT rasudikauii Byrin-
ns. Mpu TBepaodasHoMy BiOHOBIEHHI okaTuwa Wo-
ro HarpiBaHHs peanisyeTbCs HarpiTuMm MOHOOKCUAOM
Byrreut, Wwo obTikae nMoBepxH okatuwa. B ene-
MeHTI okaTuwa (bpuKeTy) KOHLEeHTpaT MapraHueBoi
pyav i BYrinns HarpiBatoTbCA YaCTUHKOIO BYrneLeBo-
ro hoepomapraHuio B okaTuuli (6pukeTi). 3 ornagy Ha

Te, WO MEeXaHi3M i nocnigoBHICTb TBepaodasHOro
BigHOBNEHHA B 000X BuNagkax ©nm3sbki, NpuMHUMNO-
BMM € PO3Mipu okaTuwis (BpukeTiB) 3 HarpiBaHHAM
BiJ, MOBEPXHi OO LIEHTPY i BiQHOBMIOBAHOI YACTMHKM
KOHLIeHTpaTy MapraHueBoi pyau [14], HarpiBaHHs
sIKOI BigOYBaETLCA Bif MOBEPXHI MeTaneBoi YacTuH-
Kn BriMMb® pyno-BYrinbHOI WKMXTU. Po3mip okaTuwy
(6pukeTy), Hanpuknag, moxe crtaHoBuTn 20-30 MM,
TOAi SIK PO3Mip YaCTMHKM KOHLEHTpaTy MapraHueBol
pyou B okatuwi (6pukeTi) go 1-2 mm, T06TO Ha 2-3
nopsigKM MEHLLWA.

. - e - .
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Puc. 7. Cxema nocnigoBHoro tBepaodasHoro BigHOBMEHHS B Py4O-BYTifIbHOMY OKaTULLI Ta efleMeHTi 3ani3o-

pyOo-ByrinbHOro okatuwa (bpukeTy).

Mosawuuis 1 Ha Puc. 7 npeacraense iHkybauiiHni ne-
piod, KONy B cUCTeMi, Hacamnepe[q 3a paxyHoK Ha-
rpiBaHHsi, POpMYyIOTbCHA YMOBUM ANS NPOTiKaHHA pea-
Kuin TBepaodasHoro BigHoBNeHHsA. [licns pocsr-
HeHHs TemnepaTypu rasudikaii Byrinnsa i novartky
npotiecy TBepaoasHoro BiAHOBMEHHSA Ha MNOBEPXHI
okaTuwiB abo YacTMHKKU 3ani3opyaHOro KOHLUEHTpa-
TY NpoTiKae peakuis BiAHOBMEHHA MOHOOKCMAOM BY-
rneuto MnO2z go Mn203 3 YTBOPEHHAM CKOPUHKM
BiJHOBNEHOr0 OKCMAY Ha MOBepxHi (no3uuis 2 Ha
Pwuc. 7).

lMoganblle npoCyBaHHA HarpiBy MOHOOKCUAY BYr-
neuto BrrmMb CTBOPKOE YMOBU MPOTIKAHHA TaM TaKoX
BigHoBMtoBanbHoOI peakuii MnO2 o Mn20s. BogHo-
yac y AinsHui, 6rnu3bkin 40 NOBepxHi, nae BigHOB-

neHHa Mn203 oo Mnsz0a4. Y nosuuii 3 Puc. 7 nokasa-
HO MpOCyBaHHA PPOHTY MiABeAEHHS BiJHOBHUKA i B
NPOTUNEXHOMY HaMpPsSIMKY BigBEeAEHHSI ra3onogibHo-
ro npoaykTty BigHoBneHHa CO2. Mepiogun 2 i 3 xapa-
KTEpU3YOTbCA IHTEHCUMBHUM MNPOTiKaHHAM TBepao-
¢a3Horo BigHOBMNEHHS.

Mosuuisa 4 Ha Puc. 7 nokasye, 9k peakuii TBepgoda-
3HOrO BiAHOBMNEHHS OTPUMYIOTb NodanbLUUn PO3BK-
TOK. HarpiBaHH4 i nigBeaeHHa MOHOOKCUAY BYreLto
BiO nepwudepii 4O LUEHTPYy Aae 3MOry yMOBHO Bugi-
Mty Yotupu obnacrti. B ginaHui, 6nnabkii oo noee-
PXHi, NpoLecKn BiAHOBMNEHHS OKCUAIB MapraHuto ma-
praHeLb-pyoHOro KOHLEHTpaTy 3aBepLUeHi Ha eTani
PopMyBaHHSI CKOPUHKM MnO.

17
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HactynHa Brnnb6 obnactb npeacrtaBneHa MnsOas. Y
HiM 3aBeplleHi peakuii BigHOBNEHHa Mn203 ao
MnzOa4. Jani npoxoantb obnactb, Ae 3aBepLuyloTh-
cs nepetBopeHHs MnO2 Ha Mn20s. Y ueHTpanbHin
obnacTi, Kyan He gocTaBneHo BiAHOBHUK, Lie 36epi-
raloTbcs okenam MnOz. Y noswuuii 4 Puc. 7 iHTeHcn-
BHICTb TBEpPAOdA3HOro BiAHOBMEHHS 3MEHLUYETLCS,
OCKiNnbku ckopuHka MnO, Lo yTBOpUnacs Ha noeep-
XHi, NepeLlKogKkae OOCTaBLi BiAHOBHMKA B 30HU pe-
akuii. Anga okatuwis (6pukeTiB) poamipom 20-30 Mm
OCTaHHE MOxe OyTh ICTOTHMM (QaKTOPOM YMOBIfb-
HeHHsA TBepaodhasHoro BigHOBMNEHHA. B depomap-
raHeLb-pyao-ByrifibHUX okaTuwax (6pukeTtax), ode-
BMAHO, MPOLECH BiZHOBMNEHHS NOYTb Y 30HANbHOMY
pexuMi, a He CTyMiH4YacTo, HarpiBaHHA YacCTWMHOK i
JOCTaBKa BiAHOBHMKA [0 €ENeMEeHTIB MapraHelb-
pyOHOro KoHueHTpaTy okatuwis (bpukeTiB) Bigby-
BalOTbCA AyXKe LWBUAKO (NPaKTUYHO MUTTEBO), MPO-
6rnema 3 YTBOPEHHSAM KOpoykM MnO Ha noBepXxHi
ernemMeHTa marnovMoBipHa W O04YeBUOHO, HaniMOBIp-
HiLle, BiACYTHS.

Mo3uuito 5 Puc. 7 xapaktepuaye BiaACYTHICTb B OKa-
TMwi abo B YacTouli MapraHeub-pygHOrO KOHLEHT-
paty okcuay mapraHu MnOz. LleHTp npeacTasne-
HUA Tenep Mn203z, obnacti Mn3Os i MnNO 36inbLuy-
toTbes. lNMpouecn TBepaodasHOro BiAHOBIEHHS CMo-
BiNTbHIOIOTLCS | MAYTb 4O CBOro 3aBepLUEHHS. Y Mo-
3uuii 6 Puc. 7 npegcrtaBneHi Tinbku AOBi BiAHOCHO
Benuki obnacTi: y ueHTpi HegosigHoBneHnn MnzOy i
Aani oo nosepxHi BigHoBneHun okcug MnO. TMpwu
Tabnwuusa 1).
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noganbLui AoCTaBLi MOHOOKCMAY BYrfeLut OO LeH-
Tpy i npoTikaHHi BigHOBNEeHHA Mn3Os npouec TBep-
[O0a3HOro BigHOBMEHHS 3aBepLUyETbCH, | OKaTuL
abo 4YacTMHKa MapraHeub-pygHOro KOHLUEHTpaTy
okaTuwy (bpukeTy) (SK | BeCb BpUKeT) npeacTaBrieHi
ceixosigHoBneHuMm MnO (nosuuis 7 Ha Puc. 7).
MpeactaBneHa cxema gae 3MOry BUOKPEMUTU Tpu
XapaKkTepHi nepioan TBepaodasHoro BiOHOBMEHHS:
iHKy6aUinHMIi, 3i 3pOCTalOYOol0 IHTEHCUBHICTIO TBEp-
A0as3HOro BiQHOBIEHHS Ta 3i 3MEHLLUYBaHO iHTEeH-
CVBHICTIO TBepAaodasHoro BigHOBMNEHHS. OcTaHHin
Mae BUpaXeHe NpPeACTaBMEHHA MpU BigHOBMEHHI
PYAO-BYFifIbHUX OKaTULIB Yy MOTOKax Harpitoro Bia-
HOBHOrO rasy i BigCyTHilW B ymoBax TBepaodasHoro
BiAHOBNEHHSA 3a po3pobneHum crnocobom TBepao-
¢a3Horo BiAHOBMEHHA 3a YMOBW iHOYKLIMHOMO Ha-
rpisy cbepomapraHeLb-pyao-ByrinbHNX 6pukeTis, WO
iCTOTHO niABMLLYE LIBMAKICTL TBEpAOdasHoOro BiA-
HOBIEHHS i CTYNiHb BiAHOBMEHHS.

HaBegeHa Ha Puc. 7 cxema € aHanorivyHot i y Bu-
nagky BiQHOBMEHHs rematuty Yy opmi pygo-
BYMNbHOrO Ta 3ani3o-pydo-BYrifilbHOr0O  OKaTuLly
(OpukeTy) 3 TiE NuLe BIOMIHHICTIO WO B LbOMY BU-
nagky KiHUeBMM MpoayKTOM BiAHOBIEHHS € meTane-
BE 3ari30 sike oapasy BKIOYAeTbCA B NPOLIEC Harpi-
BY Bi MarHiTHoOro nons iHQyKUiAHOI neuvi wo pobutb
Takuil NpoLec aBTOKaTOMNITUYHUM.

MpoBegeHO NOPIBHAHHA OCHOBHWX XapaKTepuCTuK
BIJHOBNEHHS PYAHO-BYrifIbHOrO Ta 3ani3o-pygHo-
BYTiNIbHOroO okaTtuy (6pukeTy) (

Tabnuus 1. NopiBHAHHA OCHOBHWUX XapakTepUCTMK BIGHOBIEHHS PyAO-BYriNbHOMO Ta 3ani3o-pyao-ByrifibHOro

OpukeTy.
Pyno-ByrinbHui 3ani3o-pygo-ByrinbHUN  OKa-
Oxatuw (bpukeT) Tnw (6pukeT)
Martepianu:
PyaoHa cknagosa + +
Byrinns + +
3BM - +
MoxXnuBicTb HarpiBy B iHAYKUINHIN Nevi - +
BigHOBHWMK C, BHyTD. C, BHyTp.
TennoHocin 3O0BHILLHIN 3OBHILLHIN
Tun BigHOBMOBaNLHOrO Npouecy PpOHTaNbLHO-LLIAPOBUN pOHTaNbHUN
BuaHavanbHi napameTpu Temnepatypa, po3Mip 6pu- | TemnepaTypa
KeTy
pagieHT Temnepatyp + -
[pagieHT KOHUEeHTpaLin - -
Tennosi NOTOKM Bif nepudepin Ao LEeHTpY B o6’emi
lNoToKkM BigHOBHMKA B o6’emi B o6’emi
LLIBnakicTb BigHOBNEHHSA He Bucoka Bucoka
CTyniHb BiAHOBMEHHS [ocTtaTHbO BMCOKa Bucoka
EHeprocnoxusaHHs Bucoke Husbke

MaTepianu Ta MeToan OOCHIAKEHHS.

MpoBeneHo ekcnepuMeHTarnbHe NiATBEPOXKEHHS 3a-
NPONOHOBAHOIO MeToAYy BiAHOBIEHHST Yy nabopaTtop-
HUX IHOYKUiIMHMX nedvax noTyxHicTio 5 i 50 kBT. Bu-
KopucToByBanu 6pukeTun giametpom 35 MM i TOBLUK-
HOK [0 7 MM, a TakoX AiameTpoMm 18 mm i ToBLUM-
Hoto 8 MM. CyMill MarHeETUTOBOrO KOHLEHTpaTy, BY-
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rinns Ta MeTani3oBaHoro 3anisa niggasanu Gpuke-
TyBaHHI0. BpukeTn nomiwanu B iHAYKUINHY niY.
KoHTponb TemnepaTypu 3AilcHioBanu 3a [OMNOMO-
rolo Tepmonapu, nomiwieHoi B Turenb. LBmakictb
HarpiBaHHs 4O TemMnepaTypu nodaTtky ByrneueBoTe-
pMiYHOro BigHOBMeHHs, npnbnuaHo 1000 °C, cTaHo-
Buna 20-25 °C/xs.
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Y novaTkoBuMK Nepiog HarpiBy MOTYXHICTb nedi cTa-
HoBuna 30—40 %, Wwo 403BONAMNO HarpitM WKUXTY A0
TemnepaTypu noyaTKy BigHOBMEHHs. B Mipy po3suT-
Ky npouecy BigHOBIEHHS | NOSBU MeTaneBoro 3anisa
(NpooyKTy BIiOHOBMEHHS), TemnepaTtypa Ta iHTEeHCU-
BHICTb Npouecy BifHOBMNEHHs 3pocTana, Lo Cynpo-
BOKyBanocs iH-TEHCUBHMM BuAiINeHHsaM rasis. Jani,
ans 3abesnedeHHsa 6inblw NoBHOro TBepaodasHoro
BiJHOBNEHHS HaBaHTAXXEHHS Medi TPOLLKM 3HUXKYBa-
nacb. B Mmipy 3aBeplleHHs BiOHOBMEHHS iHTEHCUB-
HICTb BUAINEHHA rasiB 3aMeHLyBanaco.

Becb npouec BigHOBMEHHSA NpPOTiKaB B i30TEPMIYHO-
My pPeXumi, npu nocTinHin Temnepatypi 1100—
1200 °C. lNoBHa MeTanisauia KOHLEHTpaTy 3aBep-
wyeanacsa npmbnmsHo 3a 1 roguHy. lNpogykT BigHO-
BMEHHS OXOMNMOpKyBanu Ta niggasanu aHanisy. Ok-
pemi ekcnepumMeHTU 3aBepLuyBany po3nraBfeHHAM
OTPMMAaHOro MeTani3oBaHOro NPOAYKTY i BIMBAHHAM
B NITHUK.

Tabnuua 2 nokasaHo, LWo Npu YacTLi 3ani3oBMiCHOro
maTepiany 10 %, ogHa 4YacTuHKa OCTaHHbLOro (pos-
mMipom 0,5 Mm) noBuHHa Harpitn 11 4yacTuHOK 3ani-
30pyaHoOro KoHueHTtpaty (poamipom 0,5 mm) i 87 va-
CTMHOK Byrinns (poamipom 0,25 mm). 3i 36inbLieH-
HSIM KiNbKOCTI 3anisoBMicHOro maTepiany B OpuKeTi
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XiMiYHMI aHani3 BigQHOBNEHOI MeTaneBoi TryOku
(snmBka) nokasas BmicT Fe>98 %. Bucoka edekTtus-
HICTb 3anponoHOBaHOro MeTody TBepAodasHoro
BiHOBNEHHS Ta BUMMaBKK cTani 6yna nigTBepakeHa
Ha nnaekax B MPOMUCOBIN 7 T iIHOYKUiAHIN neui.

B  ekcnepumeHTax 3  depomapraHeLb-pyno-
BYrinbHUMU GpukeTamu TBepaodasHe BigAHOBEHHSA
CYNpOBOKYBANOCh rOPiHHAM dhakeny Hag noBepx-
Hel LWMXTM Ta 3aBepLlyBanocb Ha cTafil BigHOB-
neHHs okcuais go MnO. ligBuileHHs TemnepaTypu
NPU3BOAMIO [0 pPO3MNMaBfeHHs Ta BigHOBMEHHS
MnO BigbyBanocbk y pigkin gasi 3 oTpUMaHHAM BU-
COKO BYrIeLeBoro goepomapraHLio.

Pesynbtat gocnigXeHHs.

PospaxoBaHO KifbKiCTb 4acTMHOK 3anisopygHoro
KOHUEHTpaTy Ta BYrinns, ski NpunagaroTb Ha OAHY
YaCTMHKY HarpiBanbHOro 3ani3oBMICHOro martepiany
B enemeHTi 06'emy BpukeTy, npu YacTui 3anisoBmic-
Horo martepiany B 6pukeTi 10, 20, 30, 40 i 50 %.

Yy

KiNbKICTb 4aCTMHOK 3amni3opygHOro KOHLUEHTpaTy Ta
BYINA WO HarpiBaloTbCA 3MEHLWYETbCA. Tak, npu
30 % wyacTui 3anisoBmicHoro marepiany B 6pukeTi,
KINbKICTb 4aCTMHOK 3ari3opygHOro KOHUEHTpaTty Ta
BYTiNns WO HarpiBatoTbes cknage 3 i 23 BignosigHo,
a npu 50 % vactui- 1i10.

Tabnuuga 2. KinbKicTb YacTUHOK B enemeHTi 06'eMy BpukeTy

Hons 3BM B
1 0

Opuketi, % | 19 20 30 40 50

Martepian
4YMCINO YaCTUHOK B eNieMeHTi 06’emy BpukeTy

3BM 1 1 1 1 1
Byrinns 87 39 23 15 10
3PK 11 5 3 2 1

Ha Pwvc. 8 HaBeeHO pesynbTatn po3paxyHKy AvHa-
MiKW HarpiBaHHS 3ani3opyaHOro KOHLUEHTpaTy B OKa-
TUWi (BpukeTi) B 3aneXHOCTI Bi4 YacTku 3arnisoBMic-
HOro maTepiany, akTM4HO Bif KiSTbKOCTi YaCTUHOK
3ani3opygHoOro KOHUeHTpaTy, siki npunagarTb Ha 1

YacTMHKY 3ani30BMICHOro matepiany wo rpie. Y pos-
1400

paxyHkax TennoobmiHy, Macy i BNacTUBOCTI MaTepi-
anis npunumManu nocTinHUMW NPOTArOM BCbOrO Mpo-
Lecy HarpiBaHHs. Po3paxyHOK HarpiBaHHsA npoBoau-
nn Ans WBWAKOCTI HarpiBaHHA YacTUHKK 3ari3oBMicC-
Horo martepiany 1 K/c.
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Puc. 8. lnHamika HarpiBaHHs 3ami3opy4HOro KOHUEHTpaTy B 3anexHocTi Big BmicTy 3BM (1 — temnepaTtypa
3BM; 2—6 — Temnepatypa 3anisopyaHoro koHLeHTpaTy npu Bmicti 3BM — 10, 20, 30 ... 50 % BignosigHo).

Konu ogHa yacTvMHKa 3ani3oBMIiCHOro marepiany Lo
rpie npunagae Ha OOHY YacCTMHKY 3amni3opyaHoro
KOHUeHTpaTy (BMICT 3anisoBMiCHOro marepiany B
wmnxTi okatuwy (bpukeTty) ctaHoBuTb 50 %), Harpi-

BaHHS1 OCTaHHbOI BiAOYBa€eTbCs LUBMAKO, i rpagieHT
TemnepaTyp MK HarpiBanbHMMK Ta TUMW LLO Harpi-
BalOTbCH YAaCTUHKaMN HU3bkUI (Ha 10-in XBUNWHI Ha-
rpisaHHa rpagieHT ctaHoBute 20 °C). lNpu 3meH-
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LWWEeHHi BMICTY 3ani3oBMIiCHOrO maTepiany B LUMXTI
oKkaTuwy (OpUKeTy) KiNbKICTb YaCTUHOK 3anisopygHo-
ro KOHUeHTpaTy, fka npunagae Ha ofHy YacTUHKY
3ani3oBMICHOro marepiany, 306inbLUyeTbCs, WO YNo-
BiNIbHIOE HarpiBaHHA YaCTUHOK KOHLlEeHTpaTy i 36inb-
LWye rpagieHTn TemnepaTtyp MixX HarpiBanbHUMK Ya-
CTMHKaMK Ta YacTMHKaMu Lo HarpiBatoTbes (Ha 10-
in XBUMWHI HarpiBaHHA rpagieHTn Temnepartyp cTa-
HOBNATb, BignosigHo, 40, 100, 220, 430 °C npwu BMi-
CTi 3anisoBmicHoro maTtepiany 40, 30, 20 ta 10 %).
3i 36inbLIEeHHsIM BMICTY 3ani3oBMiCHOro MaTepiany B
OpuKeTi TennoBi MOXNMBOCTI €EKTMBHOIO HarpiBy
YaCTUHOK 3ani3opyfHOro KOHUEHTpaTy Ta BYyrinnsg,
AKi HarpiBatoTbCs YaCTUHKaMW 3ani3oBMICHOro Ma-
Tepiany, 3pocTalTb. TensoBi NOTOKM Big YaCTUHKMK
3anisoBMiCHOro matepiany wsugwe Ta egeKTUBHI-
e HarpiBalTb MEHLUY KinbKiCTb 4acTO4OK 3aniso-
PYL4HOro KOHLEHTpaTy Ta Byrinns.

Takum 4YnHOM, iCHye MiHiManbHO AONYCTUMWUA BMICT
3anisoBMiCHOro maTtepiany B GpukeTi, npn akomy (i
BuLLEe) 3abe3nevyeTbca edpekTUBHE HarpiBaHHA Bpu-
KeTy. AK nokasanu po3spaxyHKu Ta npoBefeHi ekcne-
puMeHTH, npu BmicTi B 6pukeTi 30 % Ta Oinblie 3a-
ni3oBMIiCHOro Martepiany, HarpiBaHHs BigbyBanocs
A0CUTb LWIBMAKO, a Npu BMICTi MeHLle Hix 30 % pea-
nisauis HarpiBy 6yna npakTUYHO BaXKKO 3[iACHEHOLO.
OkpiM NPMHLMNOBOI MOXITMBOCTI Harpisy Ta BigHOB-
NeHHsA 3ani3o0-pyao-ByrinbHOro 6pukeTy B iHOYKUIN-
Hi neYi, 3MIHIOETLCA XapakTep TennoobmiHy B 6pu-
keTi. [kepeno Tenna 3HaxoauTbcs 6esnocepedHbO
B 30Hi peakuin rasudikauii Ta BiAHOBMEHHSHA, y TOW
yac, sk B pydo-BYriNnbHOMY OpPMKeTi, MPU 30BHILLHIN
nogadi Tenna, BHYTPILIHI Wapn BpukeTy OTPUMYIOTb
Tenno i3 3anisHeHHAM BHacnigoK cnpoTuBY Tennon-
poBigHocTi. B 3aniso-pyno-ByrineHoMy OpukeTi Big-
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HOro HarpiBy. B pesynbTati 3abe3neuytoTbcs BUCOKI
LWBMAKICTb i CTYNiHb BiAHOBMEHHS.

YHiBepcanbHIiCTb 3anponoHOBaHOT TEXHONOTII B iHAY-
KUiIMHIR nevi nondrae y npoBedeHi nnaBku B €4MHO-
My MeTanyprinHomy arperati 3 MiHiManbHUMK eHep-
reTM4HUMM Ta MaTepianbHuMn BuTpatamu. [lopa-
Nbli gOCNIAXKEHHA nokasanu BinbLu LWMPOKI MOXNN-
BOCTi OTPMMaHHSA MapraHueBux CnnasiB 3 BMKOPUC-
TaHHAM MapraHLueBOro KOHLEHTpaTy Ta BUCOKO BYr-
neueBoro dhepomMmapraHuto.

BucHoBku

3anponoHoBaHo TBepaodha3He BiOHOBIEHHS Ta BU-
nnasKy ctani NpoBOANTU B OAHOMY MeTanyprinHomy
arperati. B skocTi yHiBepcanbHOro arperaty BWKO-
pucToByBanacs iHaykuiiHa nivy. AnpoOyBanu Harpis
pPyAo-BYrifbHOI CyMilli B iHOYKUIMHIA nedi 3a gono-
MOrol0 rpadiToBnx enekTpodis, MeTaneBoro riomy.
OnTumanbHUM BUSIBUBCA BapiaHT BUKOPUCTaHHSA
okaTuwis (GpUKETIB), WO BKMOYaATb MeTanizoBaHy
ry6ky, Byrinns Ta 3anisopyaHUin KOHUEHTpaT.

Y 3aniso-pygo-ByrinbHomy 6pukeTi peanidyeTbcs
¢poHTanbHMN MexXaHiaM BigHOBMEHHS: TEMSIOHOCIN i
BiQHOBNIOBAY 3HAXoOATbCs BcepeauHi 6pukeTy, Bia-
CYTHi rpagieHTn Temnepatyp i KOHUEHTpauin, a Bu-
3Ha4anbHUM napamMeTpomMm € Temnepartypa npoLecy.
lMpoBedeHi eKkcnepuMMeHTU nigTBepaAMiN  BUCOKY
edeKTBHICTb 3anpornoHOBaHOro cnocoby TBepao-
has3HOro BiAHOBMNEHHHA Ta BUMMaBku cTani. YHiBep-
CanbHiCTb CMOCOBY Ta BMKOPUCTaHHSA iHAYKLUiIAHOT
neui, K nokasanu ekCnepuMeHTu, y ToMy, Lo peani-
3yBaTu Ta 3aBepLuyBaTU TEXHOMNOrYHUIA NpoLec Mo-
XHa $IK Ha eTani oTpUMaHHA NpoAyKTy TBepaodas-
HOro BiOHOBIIEHHS, TaK i OTPMMaHHS pigkoil cTani.
[loBegeHa npuHUMNOBA MOXMMBICTb BigHOBMEHHS
oKcuAiB MapraHuto B iHAYKUiMHIA nedi 3 noganblinm

CYTHi rpaflieHTn TemnepaTtyp i KOHUEHTpaUiln, a BU- NNaBfeHHAM | OTPMMaHHAM BWCOKO BYIIELEBOro
3HayanbHUM NapaMeTpoM € TemnepaTypa npouecy, epomapraHLto.
siIka CBOEI0 YEpProt 3aJaeTbCA NOTYXKHICTIO IHOYKUiN-
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JlocaixxeHHs MOBEAIHKHA a30Ty MPH 00po0Ii MeTany
Holub 1. V., Bila 0.V., Nosko 0.A., Kovzik A.M.

Study of nitrogen behavior during metal processing

Mema. BusyeHHsi nogediHku azomy rnpu obpobuyi Memary 2a3080k0 CyMilULWIIO Ma Mpu PO3KUCIIEHHI Memarty, moMmy uo
00HUM 3 HaUbinbw nowupeHuUx crocobig 06pobku cmari 6 Kiswi € Npouecu Po3KUCIeHHs Memarly, npodyeaHHs mMema-
ny IHepmMHUMU 2a3amu ma 8aKyyMye8aHHs1 cmarii.

Memoduka. TepmodOuHaMiyHi ma KiHemuy4Hi po3paxyHKu, MamemamuyHa Modesb, Wo 00380/19€ po3paxosyeamu Kiflb-
KiCHI MOKa3HUKU rpu PO3KUCIIeHi Memarny ma npu eudaneHHi po34yUHeHUX 2a3ie 3 Memarly npu no3aniynit obpobui ma
aHanizysamu nipouecu, siki 00CioXyombCs.

Pesynbmamu. lpu npodysaHHi apeoHOM Memasy Ha ycmaHosui Kigw-nid (jo2o noeepxHsi nosuHHa 6ymu eioKpumoro
8i0 wnaky, ane npu uboMmy 8idbysaembcs napanesnbHull nepexido ea3y 3 ammocghepu 8 Memarl, OCKiNbKU WilaK € 3a-
XUCHUM MOKpugoM memarty 8i0 ammocgpepu. Takox 0oka3aHo, WO CriHI8aHHs WilaKy ennusae nuwe Ha eMmicm asomy
8 Memari ma 00380/15i€ 3HU3UMU (1020 KOHUeHmpauito Ha 0,001 %. Takox Ooka3aHO W0 a3om He € MPUYUHOK SUHUK-
HeHHs1 Makpodehekmie 8 memarnesili 3a2omosyi. 3’9co8aHO 8MnIuU8 a3omy, anloMiHilo ma mumaHy Ha YymEOPEeHHS
Himpudie 8 memari, sikull noriepedHbO 06pobIA8Cs 2a3080t0 CyMilly, sika y c8oeMy cknadi emillysarna asom.

Haykoea Hogu3Ha. Po32nad mepmoduHamidHUX ma KiHemu4HUX ocobrueocmeli pO34YUHEHHSI a3omy 8 Memari npu po3s-
KucrieHHi, npodysuj eazamu memarty 8 Kigwy 003805unu 3'acysamu mernsio ma MacoobmiHi npouyecu noeediHku azomy y
memani, wo 6yde cripusmu nepcriekmusi po3pobKU HO8OI MexHOI02il Ko8Wwo8oi 06pobKU Memarty.

lMpakmuy4Ha 3Haqywicmbs. Moxnusicmb sukopucmosysamu cymiw 2asie, wo micmume a3om, npu npodysui cmaned
binbW WUpoKo20 copmameHmy 3 ypaxysaHHAM ro8ediHKu azomy fpu PO3KUCEHHI memarly, KUl Moxe mamu niosu-
weHul emicm po34uHeHo2o asomy. 3a Oornomozoio AocmamHix Kinbkocmel rnpucadxeHo2o mumaHy MOXIIU80
Helmpanizysamu 0ito azomy 8 cmarnsx, Wo Micmsmb anoMiHil, i mumM camuMm cripusimu ycyHeHHio dechekmie ma ro-
KpauweHHIo IKocmi IUmoi 3a20moeKU maKoxX 3a paxyHOK 8edeHHsI npoyecy obpobku memarty rid CriHeHUM WIaKoM.
Krrouosi criosa: METAJT, MO3AIMIYHA OEPOBKA METAJTY, FTA30BA CYMILL, A3OT, APIOH, AJIFOMIHIA, TUTAH
Goal. Studying the behavior of nitrogen during metal treatment with a gas mixture and during metal deoxidation, be-
cause one of the most common methods of steel processing in a ladle is the process of metal deoxidation, blowing of
metal with inert gases, and vacuuming of steel.

Method. Thermodynamic and kinetic calculations, a mathematical model that allows you to calculate quantitative indica-
tors during deoxidation of metal and during the removal of dissolved gases from metal during out-of-furnace processing
and to analyze the processes under investigation.

The results. When blowing metal with argon on a ladle-furnace installation, the surface of the metal must be open from
slag, but at the same time there is a parallel transition of gas from the atmosphere to the metal, since the slag is a pro-
tective coating of the metal from the atmosphere, it has also been proven that the foaming of the slag affects only the ni-
trogen content in the metal and allows reducing its concentration by 0.001%, it is also proven that nitrogen is not the
cause of macrodefects in the metal workpiece. The influence of nitrogen, aluminum, and titanium on the formation of ni-
trides in a metal previously treated with a gas mixture containing nitrogen was determined.

Scientific novelty. Consideration of the thermodynamic and kinetic features of the dissolution of nitrogen in metal during
deoxidation, gas blowing of metal into the ladle made it possible to find out the heat and mass transfer processes of the
behavior of nitrogen in the metal, which will contribute and possibly lead to the development of a new technology of la-
dle metal processing.

Practical significance. Use a mixture of gases containing nitrogen when blowing a wider range of steels, taking into ac-
count the behavior of nitrogen during the deoxidation of metal, which may have an increased content of dissolved nitro-
gen with the help of sufficient amounts of implanted titanium, it is possible to neutralize the effect of nitrogen in steels
containing aluminum, and thereby contribute elimination of defects and improvement of the quality of the cast billet also
due to conducting the metal processing process under foamed slag.

Key words: METAL, GAS MIXTURE, NITROGEN, METAL PROCESSING, ARGON, ALUMINUM, TITANIUM

Bctyn. OTpuMaHHsa gkicHOro metany B cTanensnasu-
NbHUX arperatax 0bMeXyeTbCsi MOXMMBOCTAMMU pe-
rynoBaHHs disvKo-XiMiYHMX YMOB MPOTiKAHHA OCHO-
BHUX peakuii, WO BUKINKAE HEOOXigHICTb PO3pObOKM
npoueciB nosaniyHoi 06podku cTani € akTyanbHUM
HanpsiMoM gocnimkeHb. OgHak nepeq Metanypramm
YKpaiHu CTOITb Henerke 3aBgaHHA — pecypco3bepe-
XEHHS, | MpU UbOMY MOKpPALLEHHS SIKOCTI NpoayKuii,
Lo BUnNyckaeTbcA. Mpu BUPOOHULITBI KUCHIO Ta apro-
HY B KUCHEBUX Liexax MOnyTHO OTPUMYOTb BEMuKi Ki-
NbKOCTI @30Ty, AKUA 3a cobGiBapTiCTIO BYETBEPO Ae-
lWeBLWe 3a aproH. 3amMiHa 4aCTUHU aproHy asoToM
O03BONMUTb CYTTEBO 3HU3NTK cobiBapTicTb cTani. Po-
6oTa npucesveHa po3pobui cknagy rasoBoi CyMilli,
L0 MOAAETbCA Ha KiBLU-MiY MpK no3anidyHin obpoobui
cTanen pi3HOro copTaMeHTy 3 noparnbluvM po3nu-
BoM Ha MHI3. [ns meTtanyprinHux nignpuemcrs
YKpaiHu akTyanbHUM 3aBAaHHAM € po3pobKka TEXHO-
norii koBLWOBOI 06pobkM MeTany, a came Ans MeTa-
niB nicns Moro BMNMaBkv B AYroBi cTanennaBusib-
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Hi nedi gka A03BONUTb 3HM3UTU COBIBapTICTL cTani
Ta He 3MIHUTK 1T SKICHUX NoKa3HUKIB. TakoX BigoMmo,
WO AN OTPUMAHHA HM3bKOrO MOKa3HWKa asoTy B
mMeTani HeobxigHO 3abe3neunTn NOro HU3bKUI pi-
BEHb Y NOMNynpoayKTi Ta 3aXUCTUTU NOBEPXHIO PifKO-
ro mMetany Bif atMocdepu npu BUNYCKY 3 nedi, no-
3aniyvHin obpobui Ta po3nvBaHHi. BukopucTtaHHs cy-
MiLLi 3 NigBMLLEHUM BMICTOM a30Ty Ta KOHTPOMb pO3-
KncnoBa4iB A03BONUTb 3HM3UTKU COBIBAPTICTL KOB-
LIOBOI 0OPOOKN HWM3LKOBYrMNELEBUX cTanen Ta cTa-
nen 3 NigBuULLLEHMM BMICTOM a30Ty He 3MiHIo4M X
MeXaHiYHUX BNacTUBOCTEN.

AHania nitepaTypHUX AaHuUX Ta MOCTaHOBKa MNpo-
onemu.

Mpwu aHanisi KiNbKOCTI @30Ty B cTani 3’AcoBaHo, WO
Mamke npu Bcix crnocobax BMpOOHMUTBaA cTanen
KOHUEHTpaLig a3oTy B roTOBOMY MeTarni KOfMBaeTb-
ca B mexax 0,002 — 0,008 %. Byrneuesi ctani B
Aknx BMIiCT mapraHuto o 0,7 % Ta kpemHito go 0,3
% BMICT a30Ty 3HaxoauTbes y mexax 0,002-0,005%.
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Binblw BMCOKI KOHLUEHTpaLil asoTy cnocrtepiratoTbcs
B CTansx, NeroBaHMx XpoMoM, BaHafieM, antoMiHieEM
abo TUTaHOM. Y BMCOKOMNEroBaHWX CTansx KOHLEHT-
pauia asoTy iHoai nigHimaeTbes go 0,018 - 0,025 %.
Mpu ubomy 3 gaHux pisHMx asTopis [1-5] Bigomo, wwo
KOHLIeHTpauis a3oTy npu TemnepaTypi 1600 °C 3Ha-
XOOUTBCS B BY3bKMX MeXax 3MiH i AopiBHIOE 6ins
0,044%.

[xepenamu asoTy npy BUPOOHMLTBI CTanu cnyxartb
LUMXTOBI Martepianu (ckpan, 4YaByH, MeTanobpyxT),
aTMocdpepa NnaBUMbHOTO arperaty Ta npoayska
MeTarny rasamu (TEXHIYHUIA KMceHb abo MOoBITPS), SAKi
noJalTbCsl Ha noBepxHio abo Brnmb metany, a Ta-
KOX pO3KMCMoBayi, ¢epocnnaBy Ta HaBKOJMLLHS
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aTMocdepa Npu BUNYCKY Ta pO3SiMBaHHI piakoro me-
Tany.

B pocnigxeHHax aBTopiB [6] nokasaHi 3MiHW BMICTY
as3oTy B cTani npu BunnaseLi, oOpoOui Ta po3nuBui
ctani (pucyHok 1). Y npoueci nnaBku BUKOPUCTAHO
50% obopoTHoro nomy Ta 50% ckpany (cyuineHa ni-
HiA) Ta 100% ckpany -nyHkTMpHa. [lepioamn, konu
BMICT a30Ty 3MeHwWwyeTbca ue ctagii C ta E, 60 Ha
ctagii C dopmyeTbca Wwnak, skuin 3anobirae agcop-
6uii asoTy, a Ha cTagii E 6ynsbawkn CO BnaansoTb
a3oT y atMocgepy. Takmm YMHOM, BMICT as3oTy B
cTani 3anexuTb Bif BMICTY BYrneuto Ta KUCHIO B
cTani Ta iHTEeHCMBHOCTI peakuil 3HeBYyrneLboByBaH-
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Cragii ctanennaBunbHOro npouecy: A - 3aHypeHHs1 enekTpoaiB y XonoaHy WuxTy; B - ¢opmMyBaHHSA HeBenu-
KMX nopuin pigkoro metany Ta ix 3pocTaHHs; C - NnaBfeHHa MeTano LuxTtu, wo 3anuwmnacs; D - Harpis
BaHHM O0 BYyrneueBoro kuniHHA; E - nepioa Byrneuesoro kuniHHA; F - npucagka pepocnnasis Ta AoBeAeHHSA
BaHHM 0 TemnepaTypu Bunycky; G - Bunyck nnasku; H - pigka ctanb y ctaneposnueBHoOMY KiBLly; | - pigka

ctanb y K Ta po3nuBaHHs.

PucyHok 1. 3miHu emicmy azomy npu nnasneHHi memany 6 [JCl1, 06pobui ma po3nueaHHi memary

[na 3HWXKeHHs BMICTY @30Ty B MeTani crig BUkopuc-
TOBYBaTW LUMXTOBI MaTepianyM 3 HU3bKUM BMICTOM
asoty. [ins 3anobiraHHs agcopbuii a3oTy npw nnasui
B AYroBiy cTanennaBunbHin nevi pekomeHayoTb BU-
KOpUCTOBYBaTWU CMiHIOBaHHA wnaky [7, 8], repmeTu-
3auilo nedi Ta rasn 3 HU3bKMM BMICTOM asoTy. [ns
BUOANEHHsT @30Ty 3i cTani MOXIMBO POOUTK KUMIHHS
BaHHM 3a paxyHok 6ynbbaiok CO (3HeByrneLboBy-
BaHHS Ta BaKyyMyBaHHS).

LWoao HagxomkeHHs as3oTy 3 NiYHOI aTtmocdepw,
OYMKW Pi3HUX aBTOPIB pi3HATLCSA. Y aBTopa [9] icHye
TBEPAXEHHS, WO B YMOBax OKMCHOI aTmocdepu
cTanennaBubHUX MeYen asoT NPakTUYHO He MOoXe
nepexoauTy B pO3NiaBneHUn meTan 4yepes OKCUaHy
NNiBKYy sika YTBOPIOETLCA B Mpoueci nnaBneHHs me-
Tany. TakoxX € TBepMKEHHs, Lo wnakm abo Ookuc-
noBanbHi NAIBKM HEe MOXYTb MOBHICTIO i30Mt0BaTU
MeTan i3-3a Agekinbkox daktopie [10]. ABTOpKM
[11,12] cTBepaxXylTb WO YMOBM ANS BUOANEHHSA
asoTy iCHYIOTb MPU KUCHEBO-KOHBEPTOPHOMY npoLie-
ci Ta npu BakyymyBaHHi y VOD- i RH-arperaTtax. Ha
BCiX iHLIMX TEXHOMOriYHUX eTanax BMPOOHULTBA

cTani BigbyBaeTbCs TiNbKW NOrMMHAHHA a3oTy MeTa-
nom.

Mos3aniyHa obpobka crani 3arMmae ocobnuee Micue
npy BUMPOGHUUTBI MeTany - Big MOMEHTY BUMYCKY
pigkoro metany y KiBll 4O MOMEHTY MOro 3aTBepaiH-
HA. B 3anexHocTi Big BMMOr go SKOCTi cTtanu 3a-
BAAHHSAMM no3anivyHoi 06pobkn €: aecynbdypadis,
PO3KUCMNEHHS, NeryBaHHs, AOBeOeHHS A0 PEeKOMEH-
[0oBaHOI TemnepaTypu pO3nuBY, 3HUXEHHSI BMICTY
pO34YMHEHUX rasiB (BOAEHb, a30T), 3HeyrneLoByBaH-
HA, NiABULLEHHS YACTOTM MeTany 3a MOKa3HUKamm
HemMeTaneBunx BKNOYEeHb, Aedocdopadis, po3nogin
MeTaneBux Ta LWakoBmx ¢as.

CxemMa OCHOBHMX MeTOAiB no3aniyHoi obpobku Ai-
NUTbCA Ha OBi rpynu:;

- METOoau, WO NpoBOAATLCS Npu aTMochepHoOMy Tu-
CKy (KiBLU-MiY);

- MeToaM, AKi NpOoTikaloTb Nig TUCKOM (BakyymaTop).
[MepeHeceHHs 4YacTMHU MeTanypriiHux onepauin y
KiBLU-MiY [403BONSAE NiABULIMTA MPOAYKTUBHICTL OC-
HOBHOrO MNaBWUMbLHOrO arperaTy, 3MEHLIUTU Temne-
paTypy BUMNYyCKy MeTany Ta MigBULMTK AKICTb Mpo-

aykuii [13].
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MpoagyBaHHA cTani B KiBwax iHEPTHUMKU abo HEenT-
panbHMMK ra3amu ctano oboB'A3KOBUM €N1EMEHTOM
TexHosnoril Bunnaeku ctani. [erasauiga npu npoay-
BaHHi iIHEPTHMMUM rasamu I'pyHTYETbCSA Ha pisHMUI na-
puianbHOro TUCKY BOAHIO, @30Ty i OKCMAY BYrneL B
Oynbbaluui iHepTHOro rasy, Lo YTBOPKETLCS, i B pO-
3unMHeHuX rasax B metani. 95% Bciei cTtani, Wo Bu-
nnaBnsieTbcs, 06pobnseTecss aproHom. pu ubomy
3aranbHi BUTpaTWM Ha NpoAyBaHHS MeTany npu no-
3aniyHin obpobui 1 ToHn ctani ctaHoBnate 0,2 - 0,3
ponapie CLUA 3a BaptocTi meTany B 3nutkax 200 -
500 ponapie CLLA 3a ToHHy [14].

Ona meTtanyprinHnx nignpnemMcTB akTyasnbHUM 3a-
BOAHHAM € po3pobka TexHOMorii KOBLLIOBOI 06pobKM
MeTany i3 3acToCyBaHHAM iHEPTHUX NPOOYBHUX ra-
30BUX CyMillEen, WO A03BONSATb 3HU3UTK cobiBap-
TiCTb MeTany Ta oTpuMaTu AKiCHy cTanb. Bukopwuc-
TaHHA CyMmili 3 NiABULLEHUM BMICTOM a30Ty AO3BO-
n{e 34eweBnTU KOBLLIOBY 0BpobKy ctanen pisHoro
COpPTaMEHTY: HM3bKOBYrMeLeBnx Ta ctanen 3 nigsu-
LLleHnM BMicTOM a3oTy [15].

Y OinblIOCTi BUNagkiB a3oT Hagae HeraTuBHWUIA
BMSIMB Ha BMAacTMBOCTI cTani. MNMpn po34nMHEHHi a3oTy
B pos3nnaBax 3anisa ctanb CTae CXUNbHOK [0 CTa-
PiHHSA, TO 6 TO 3HMXKEHHS NITACTUYHUX BNACTUBOCTEN
3 YyacoM, ocobNMBO Lie MPOSIBAAETLCA Yy CTansix, Lo
npaulrooTe 3a nigsulleHnx temnepatyp. [poTte, ic-
Hy€ Linun knac ctanewn, y Sknx a3ot BUCTyNae nery-
toumm enemeHtoM. OpgHako, Garato [OCRIOHUKIB i
MeTanypris BBaXatTb HENPUMYCTUMUM 30iNbLUEHHS
KOHUEHTpauii a3oTy npu BUPOBHWMUTBI LUMPOKOrO
Knacy cranen. Y peskux nitepatypHux prepenax
[16] € gaHi npo NnpoayBKy HWM3bKOBYINELEBOro MeTa-
ny a3oToOM Npu KOBLLOBOI 00pobui. Ane Takox cnig
BpaxoByBaTW, WO Yy BUPILIEHHI nNpobnemu niaBu-
LLIEHHST KOPO3iMHOI CTIMKOCTI cTani, sika BigOyBaeTbCS
npy TeHAEHUIT 40 3HWKEHHS KOHUEeHTpaLil ByrneLo
Ta BiAMOBW Bif 3acTocyBaHHA O00aBOK (Takux, sK
TUTaH), @ TaKOX 3HWXKEHHSI BMICTY ByrfeL B cTansax
ayCTEeHITHOro Knacy npu3BOAWUTb OO 3HAYHOMO 3HU-
XEHHS1 PiBHA 1X MILUHOCTI. Y 3B'A3KY 3 LM AOLINBHO
PO3rfIAHYTU MOXITMBOCTI KOHTPOM BMICTY a3oTy B
cTani Ta Moro NoOegHaHHA 3 TakUMWN enemMeHTamu, siK
antoMiHii, TUTaH, BaHagiih, HiobiM Ta iHWi abo ix
KoMbiHauii [17].

MaTepiann Ta meToauM AocnimKeHHs. [deTanbHuin
po3rnsg TePMOAMHAMIYHMX Ta KIHETUYHUX Ocobnu-
BOCTElN PO3YMHEHHS a30Ty B MeTarni 403BOnunu 3'a-
cyBaTW Tenno- Ta MacooOMiHi mpouecu noBefiHKu
rasis y metani npy npoaysLi iHEPTHUMM ra3amMun Me-
Tany B KiBWi Ta npu BakyyMyBaHHi. MaTtematnyHa
MOZENb BUOANEHHSA PO3YMHEHUX ras3iB 3 MeTany npu
nosaniyHin obpobui o3Bonsie npoaHanisyBaTtu no-
BeAiHKYy rasiB y meTtani npu CTBOPEHHI CyMmill rasis,,
fKa MICTUTb a30T AN NPOAYBKU Pi3HUX MapoK cTari
3 MOXIMBICTIO MPOBEAEHHSA MNOoJanbLIOro aHanisy
noBefiHKM a3oTy npu 6e3nepepBHOMY NUTTI 3aroTo-
BOK Ta po3paxyBaTyh KifbKiCTb €NeMeHTIB AKi BMKO-
PUCTOBYIOTBCS MPU PO3KUCIIEHI NS OTPUMaHHA SKi-
CHOT CTPYKTYpW 3aroTOBKW C 3a[0BifTbHUMMN MeXaHiy-
HUMW BNACTUBOCTSIMU.
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B ocHoBi mMaTtemaTu4HOl Mogeni 3HaxogAaTbCs piB-
HSHHST BUOANEHHS PO3YMHEHOrO KUCHIO, BOOHIO Ta
asoTy

[C] + [0] = {CO}, 1)
1
[H]= S @

1
[N] ZENz- 3

KoHueHTpaUii a3oTy, BO4HIO Ta KUCHIO, PIBHOBaXHi 3
napuiansHum Tckom Nz, Hz Ta CO y Bynbbaluui

[N]; =Ky &Y, PN2 ) 4)
[H]r = KH \/PHZ 5 (%)

[O]. = B, /([C]K), (6)

ae Kn, Ku n Kc — KOHCTaHTK piBHOBaru peakuin pos-
YMHEHHS @30Ty, BOOHIO Ta OKUCIIEHHS BYIMELO.
XapakTep npoLeciB MacooOMiHy MK PO3YMHEHUMU Y
meTtani razamu ([H], [N], [O]) Ta 6ynbbalikamu rasis,
o 6apboTyoTb, BU3HAYaABCHA XOO4OM CUCTEMU A0 pi-
BHOBAru Ta onncaHo B1Upa3oMm

m,=[(B(A1-[I1,)-S,-dz, (7

ae [fr — koediuieHT macosigaadi Mk meTanom Ta
6ynbbawkoto, [[] Ta [[]r — KoHUeHTpauia rasy B me-
Tani Ta piBHoBaxkHa 3 Gynbbalukoto, S — nnowa no-
BEpXHi po3ainy ras-meTan, 7 - 4ac nigHiMaHHsA raso-
BOi OynbbaLuku.
Mpu pospaxyHkax piBHOBarM y cuctemi metan-
Oynbballka 3 ypaxyBaHHAM OeKiNbKOX rasiB BMKOPU-
CTOBYBaHO BMpa3
_ (m,/M,)P
Yo(m /M Amy M+ m M)

ae my, my, ...
M1, My, ... Mi — MOonekynspHi macu uux rasis,
TUCK Nifd, SKUM 3HaXOAUTbCH ra3oBa CyMill.
Po3pobneHnin anroputM Aa€e MOXIMBICTb MPOrHo-
3yBaTW OTPMMaHHs SIKiCHOI 6e3nepepBHONNTOI 3aro-
TiBKM ONs cTanen pisHoro NpuaHavyeHHs.
Ona aHanizy nosiBu HITpMAiB BMKOPUCTOBYBaHO BU-
pa3sn 3MiHEHHS BiNlbHOI eHeprii Ta KOHCTaHTWN PiBHO-
Barn Ta TakoX piBHAHHSA aBTopiB [18].
MeTa i 3aBgaHHa gocnigkeHHs. OaHuM 3 HanbinbLL
nowmpeHux cnocobiB KoBLIOBOI 0OpobkM cTani €
NpoAyBaHHA MeTarny iHepTHUMK rasamu Ta il Bakyy-
MyBaHH4A. Mpu uboMy BigbyBa€ETbCA BMOANEHHS po-
34YMHEHUX Y MeTani rasiB — KUCHIO, BOOHIO Ta 4YacCTKoO-
BO a30Ty. BuaaneHHs po3YMHEHOro KUCHIO 34INCHI0-
€TbCS 3a paxyHOK NPOTiKaHHS peakLuil 3HeBYyrnewubo-
ByBaHHS. BoaHIO Ta a30Ty — 3a paxyHOK BUAINEHHA
MOro y BUrMsiAi MOMeKyI, WO YTBOPOTL Oynbballku
rasy. Npouec macoobmiHy B MeTani BiabyBaeTbcs
Ha Mexi po3giny metan-bynbbawka. 3amiHa YacTu-
HW aproHy as3oTOM Y rasi 9KM BUKOPUCTOBYIOTb OIS
npoayBkM mMeTany npussege A0 nepeposnoginy se-
NNYMH | HanpsaMy MOTOKIB a30Ty 3 MeTany B Oynb-
Gawui rasy, SKum npogyBalTb MeTasn 4M B Mpoueci
BaKyyMyBaHHs. TOMy MeTO Ta 3aBOaHHsM poboTwu

> (8)

m; — Macu rasis B ra3oBil CyMmiLui,
P -
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€ npoaHanisyBaTWl CKiNbKM BigCOTKIB aproHy MOXMu-
BO 3aMiHIOBATM Ha a30T Ana cTanemn pisHoro copTa-
MEHTY NpW KOBLUOBI 00pobLi a TakoX BUSIBUTU
BMMMB @30Ty Ha CTPYKTYpy 3aroTOBKW Ta HiTPMAOYT-
BOPEHHS, | BMMNMB HITPUOOYTBOPIOYNX €MNEMEHTIB
Ha MeXaHiyHi BnacTMBOCTI cTani.

Pesynbtatu gocnigxeHHsi. BctaHoBneHo, Lo 3a Bi-
ACYTHOCTI a30Ty B rasi kMM npofyBalTb MeTarn,
NoTiK @30Ty MOCTIMHO CNpsIMOBaHW A0 ra3oBoi by-

JIleopis i NPaKMUKg Memarypeii

nebawkun. Lle nos'a3aHO 3 BUCOKMM TUCKOM CTOBMY
MeTany, Wo nigBullye napuianbHUA TUCK asoTy Yy
Oynbbalukax rasy, SKUm 34iNCHIOTb NPOAYBKY.

Ha pucyHky 2 HaBefeHO 3MiHY BMICTy a30Ty B MeTa-
ni 3a pisHUX noro BuTpaT y npodyBHOMY rasi. [pu
nepexogi Bia4 NpOAyBaHHSA YUCTUM aproHOM A0 YnC-
TOro a3oTy BiAHOCHE 3HWXEHHHA a3oTy B cTani nig-
BULLYETLCA NpMGnM3HO Ha 20 %.
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PucyHok 2. Bnnue azomy nio yac npodyeaHHsi Ha 3MiHy eMicmy azomy e Memaii; gumpama azomy, m3/xe.: 1
—0;2-0,2; 3- 0,4 (cymapHa sumpama 2asie 0,4 m3/xs.)

Take HEBUCOKE 3HWXKEHHS a30Ty B CTani NoB'dA3aHe 3
TWM, WO iICTOTHa YacTka a3oTy BuaansdeTbcsa 3 bynb-
Sawkamn CO i yepe3 noeepxHiO MeTany. Yactka
BuAaneHHs asoty 3 Bynbbawkamu CO Ha nodaTky
npouecy cdarae 90% Ta NOCTYNOBO 3HWXKYETbCA A0
40%. 3a paxyHoOK LbOro, BigmnoBigHO, 3pOcTae vacT-
Ka BMOaneHHs Yyepe3 NoBepxH MeTany. YacTtka Bu-

[aneHHs a3oTy 3 Oynbbalkamu aproHy HeBenuka i
cknapae 6nm3sbko 2 — 3 %.

Mpn noganbLlUMX JOCAIIKEHHAX BCTAHOBIEHO Y SIKUX
[onax po3nodingeTbca a3oT Mk 6ynebalwkamu CO,
aproHy Ta noBepxHew meTany. Ha pucyHky 3 HaBe-
OEeHO po3noain asoTy 3 rasy, kMM NpoayBakTb Me-
Tan, no cTaTTaM 3a BiQHOCHO Manux Moro BuTpaT
(6rm3bko 25% y rasosin cymiLi).
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PucyHok 3. banaHc azomy, (%), npu sukopucmaHri cymiwi azoma (0,1 m3/xe) ma apeoHa (0,3 m3/xe): 1 -
gudarneHHs1 8 bynbbawky CO; 2 — sudaneHHs Kpisb NogepxHo memary; 3 — HaOxo0xeHHs 0o memary.

3’coBaHo, o B 3aranbHOMy 6anaHci o KiHusa npo-
uecy 6nmabko 10% a3oTy HagxoouTb B MeTan, ane
6nnsbko 40% Bupansetbca 3 Gynbbawkamu CO i
6nnsbko 50% BuaanaeTbCca Yepes noBepxHio. 3 nig-
BULLLEHHAM BMICTY a30Ty B rasi skMMm npoayBaloTb
meTan go 50%, yacTtka a3oTy, Wo HagxoauTb Yy Me-

Tan, 3poctae Ao 20%. 3 noganblwmM 36inbLLIEHHSAM
YacTku as3oTy B rasi sikMM npoayBatoTb MeTan 3 75
0o 100%, 4acTtka asoTy, WO HaaxoauTb B MeTan,
3pocTae BignoBigHo go 40% i 60%. Omxe, 3amiHa
aproHy asoToM Y rasi sKkMMm npogyBaloTb MeTan npu-
3BOAMTb A0 Nepeposnoainy BennyuH i HanpsiMKy no-
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TOKIB @30Ty 3 MeTany B OynbOawku rasy. Yactka
as3oTy, WO HaaxoauTb 3 rasy, sikuM npogysatoTb, 00
mMeTany, npu LbOMYy 3poCTae, ane nepexig asoty 3
mMeTany B 6ynbbawkmn CO i yepe3 NOBEPXHIO 3anu-
lWwaeTbCs AocTaTHiM, Wwob 3abe3neunTtn 3aranbHe
3HWXKEHHA KOHLeHTpauil a3oty B meTtani. To 6 To,
3aMiHa YaCTMHW aproHy as3oToM Y rasi, kMM npogy-
BalOTb MeTarn He MOBUHHA CYTTEBO 3MIHUTU HEPIBHO-
Bary peakuin BuaaneHHs rasis 3 metany, Kpim peak-
Uil BMOaneHHs as3oTy, OCKiMbKW peakuii BuaaneHHs
rasiB (KpiMm a3oTy) MPMHLUUNOBO HE 3MiHIOKOTbLCS.

TakoXX npoaHanisaoBaHO BMAMB Pi3HUX CNiBBIAHO-
LWeHb aproHy Ta a30Ty y rasoBii CyMilli SKO npo-
AyBaloTb meTan. 3amiHa YyacTuHM aproHy a3oToM Yy

g v e ISSN 1028-2335 Ned. 2023

rasi, SkUM NpoAyBaloTb MeTan NpuM3BOAMTb A0 Me-
pepos3noainly BenuuuH i HanpsiMy MOTOKIB a3oTy 3
meTany B Oynbballkv rasy, Skum npoayBakTb Me-
Tan. Yactka asoTy, Wo HaaxoanTb 3 NPOAyBHOrO ra-
3y B MeTan, npu LUboMy 3pOCcTae, ane nepexig asoty
3 meTtany B bynbbawkn CO i Yyepes NoBepxHIO 3a-
NMWaeTbcs AoCTaTHiM, Wob 3abe3neunTn 3aranbHe
3HWKEHHS KOHLEeHTpaUii a3oTy B MeTani (pUCYHOK 4).
3riaHO po3paxyHKy CMiBBIAHOLEHHS a30Ty i aproHy 1
+ 3 B CyMilli rasis, sika BUKOPUCTOBYETLCSA ANSA Npo-
OyBKM CTanew He npu3Beae 40 3MiH NoBeAdiHKM rasis,
AKi 3HaxoOATbCA Yy MeTani.
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PucyHok 4. 3miHa KoOHUeHmpauii asomy e memarii rnpu pi3HUX Criie8iOHOWEHHSX apaoHy i asomy & cymiui,
sikoto npodyearomb Memarn: 1- apeoHy 0, azomy 0,1; 2 - apeoHy 0,2, asomy 0,2; 3 - apzaoHy 0,25, asomy

0,15; 4 - apzoHy 0,3, azomy 0,1 m3/xs.

Mpn BNpOBagXeHHi 3anponoHOBaHOro cnocoby, Bu-
KOPUCTaHHA as3oTy Yy SAKOCTi iHEPTHOro rasy SKkuMm
npogyBalwTb MeTan, cnig BpaxoByBaTu BUBIp Mapok
cTani no BiAHOLUEHHIO BMMMBY a30Ty Ha SIKICTb Me-
Tany, nos'si3aHe 3 NOSABOK A0AATKOBOI KifbKOCTI HIT-
puais.

Tox 6ynu npoBedeHi AOCNIOKEHHS HarnpaBsreHi Ha
aHani3 Ta 3'9CyBaHHS LWNAXiB YHUKHEHHSI YTBOPEHHS
HITPUAY anoMiHil0 NpU BUKOPUCTAHHS MOro Y SKOCTI
po3KMcnoBaya y MeTanax siki npogyBanucs Cymill-
W rasis 3 MigBULLEHMM BMICTOM as0Ty, TOMY LO
YTBOPEHHSI HITPUAY anioMiHilo BNIMBAE Ha Makpo-
CTPYKTYpY 3aroTOBKW Ta MexaHi4Hi BNacTUBOCTI CTa-
ni [19].

Hocnimkysanu ctane 1008 ASTM, ximiyHuiA cknag
sKkoi nicns Bunnaekm B [CIT Ta KOBLOBIA 06po6KM
Ha YKI1 nactynHuin: C = 0.05 %, Mn = 0.35 %, Cu =
0.20 %, Si=0.011 %, Ni=0.12 %, P =0.02 %, S =
0.014 %, Cr = 0.056 %, N = 0.015 % T1a iHwWi. Y me-
Tan BBOAMMM anioMiHin nicnsa nedi y kiBw ta Ha YKI1
y surnagi SiAl. NMutoma BuTpaTa antoMiHilo Ha TOHY
mMeTany cknana 1,65 kr. Yac o6pobku meTtany Ha
YKI cknaB ogHy roguHy. CepefgHs TemnepaTypa
meTany Ha YKI1 gopiBHioBana 1590 °C. Pasnueky
mMeTany npoBoaunu 6e3 3axucTy CTPyMeHsi npu Te-
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mnepatype 1550 °C. [llepepi3 3arotoBkn 125x125
MM.

lMpoBepeHun aHani3 Ha YTBOPEHHS MaKpOCTPYKTYp-
HOro gedekTy 3a paxyHOK BWUAINeHHs ras3oBoi asu
npv 3aTBEpAiHHI 3aroTOBKU MOKa3aB HEMOXMMBICTb
LibOro NpoLecy, Tak sK Npu AaHUX ymMoBax Makcuma-
NbHWUIA NapuianbHUM TUCK NS icHyBaHHA Bynbballkm
cknagae 6ina 19500 Ma, a napuianbHU TUCK Hag
metanom 6ins 80000 MMa. MNpu TakoMy cniBBigHO-
LLIEHHI TUCKIB iCHY€E TiNbKW OfHa MOXNUBICTb Ue ne-
pexig asoTy 3 aTMocdepu B pigkMi posnnas y npo-
LeCi po3nMBaHHA MeTary, ane ansg nepexogy asory
3 aTMocdepu A0 MeTany HeobxigHa aucouiauis Mo-
NeKyn a3oTy Ha aToOMM, sika MOXIMBA TifNbku 3a yMO-
BY, WO TemnepaTypa Oyage Buwe 2000 °C. Posnu-
BaHHA meTany BigbyBaeTtbca npu 1550 °C Tomy Ta-
KN nepexig asoty 3 aTmocdepu Hemoxnumeuin. Ta-
KOX Tpeba BpaxoByBaTu, LLO PO3NMBAHHSA 3M4IACHIO-
Banocs 6e3 3axucty CTpyMeHsl, ane 3 3aHypeHHsIM
PO3NUBHOIO CTakaHy nif 3aXMCHUM LUMakoMm Ui dak-
TOPU 3HWXKYIOTb 40 MiHIMYMY NMOBIPHICTb nepexoay
a3oTy B MeTan.

Y pobotax [20, 21] aBTopamu BigMivanocs, Lo Bu-
nagaHHs HiTpuaHoi dasu npu pn = 1atm 1a 1600 °C
CrnocTepiraeTbCa Npu KOHUEeHTpauisax TutaHy — 0,29
%, antomidito — 0,82%, umpkoHito — 0,093%. Ons Bu-
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3HaYeHHs YMOB HITpMAHOI dha3n JOCTaTHbLO CKOpUC-
TyBaTUCS PIBHAHHAM, LWO 3B'A3ye TemnepaTypy, pn i
KOHUEHTpaLito nerytoyoro enementa [X]. ABTopamu
[22] Bigmivanocs, Wwo npucagka TUTaHy 3Ha4YHO 3HU-
Xy€ BMICT a30Ty B cTani 3a paxyHOK yTBOPEHHS HiT-
puay TUTaHy, SKi NepexoasTb y LWnak.

Peakuis yTBOPEHHS HIiTpUAy antoMiHilo CynpoBOaXYy-
€TbCSl HACTYMHOK 3MIHO BiNbHOI eHeprii:

Al + 1/2 N2=AIN, AG? =-73800+25T (9)

Peakuis yTBOpPEHHS HITpUAy TUTaHy CynpoOBOAXY-
€TbCH HACTYMHOI 3MIHO BifIbHOT eHeprii:
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Ti + 1/2 N2=TiN,

(10)
TutaH npu Temnepatypi 1550-1600 °C Mae 3Ha4HO
Oinblly crnopigHeHiCTb A0 a30Ty, HiX anoMiHin. Ha
PUCYHKY MYHKTUPHOK CTPIYKOIO, MOKasaHo, Lo npu
BMicTi B pigkomy 3anisi 0,0015-0,002 % TutaHy 3a-
De3neyvyeTbCa Takuin piBHOBaXKHUI BMICT a30Ty, nNpwu
SAKOMY He NOBUWHHO BiAByBaTUCHA YTBOPEHHS HITPUAIB
arntoMiHito.

AG® =-80930+22,78T

PucyHok 5. PisHo8axHIi emicmu a3omy ma mumaty, asomy ma asitoMiHito 8 Mmemarii npu memnepamypi 1550

°C.

AHani3 yTBopeHHs Hitpugis y ctani 1008, sagaHoro
XiMIYHOrO cKknagy, rfokasaB L0 KifbKiCTb TUTaHy,
CMOpiAHEHICTb [0 a30Ty Yy AKOro BuLLA 3a cnopigHe-
HICTb @30Ty OO0 anMiHilo, HegocTaTHA (B ABa pasu
MEeHLLe) Ans HewTpanisauii yTBOPEHHS HiTpuay
anomiHito (pucyHok 5). Tomy oTpMmaHa MeTanesa
3arotoBka Mae MaKpOCTPYKTYPHI AedekTn, a Takox
He3a[oBiNbHIi MexaHi4YHi BNMacTUBOCTI.

O6roBopeHHs1 pesynbTartiB. Mpu aHanisi 3amiHu ap-
roHy Ha cymiw (aproH+asoT) BigbyBaeTbcs Hacu-
YeHHs1 MeTany as3oToM, siKke 3anexuTb Big cknagy Ta
KinbKocCTi wnaky npu obpobui metany Ha YKI. Bu-
SIBMEHO, WO OCHOBHE BMOANeHHs as3oTy 3 meTtany
BiAOyBa€ETbCA NPW IHTEHCUBHOMY MPOLIECi 3HEBYTrIE-
LuboBYBaHHs B bynbbawky CO. ToMmy 4um goBsLie Bi-
AbyBaeTbCca npouec 3HeBYrNeuboByBaHHSA, TUM Oi-
MblUe a30Ty 3anMwnTb MeTan, ane npu BUpOGHULT-
Bi cTanem HeoOXiQHO OOTPUMYBATMUCA Mapo4vHOroO
BMICTY BYrneLito Ta a3oTy.

TakMm YMHOM, BMKOPUCTOBYBATU CyMilll, LLIO MICTUTb
a30T, MOX/MBO 32 paxyHOK BeAEHHsI npouecy obpo-
Ok MeTany nig CniHEHWM LWNaKoM Ha YCTaHoBLI
KiBW-Ni4 NS OTpUMaHHSA Oinbll  LWMPOKOro Knacy
cTtanen 3 HU3bkUM BMICTOM Byrneuw. CniHeHun
Wwnak NpeactaBnsie CyKymnHiCTb Oynbballok MOHOO-
Kcuay Ta giokcuay BYrneuto, posgineHux TOHKUMMU
npowapkamu wnaky. Poamip 6ynbbawok, wo crta-
HOBMSATL AMcnepcHy dasy, NexnTb B Mexax Bif Yac-
TOK [0 KiflbKOX CaHTMMETPIB. YTBOPEHHS Ta CTilKiCTb
CMiHEHOro Lunaky 3anexutb Big Woro isnko-
XiMiYHMX BNacTuBOCTEN (B'A3KICTb, MOBEPXHEBUI Ha-
TAr, Temnepartypa), iHTEHCUMBHOCTI, Micusa rasoBuii-

MNeHHs Ta posnogdiny rasosux bynbbalok 3a po3mi-
pamu. CniHIOBaHHS LWaky BMAMAMBaE nuvwie Ha BMICT
asoTy B MeTani [23]. Jobpe cniHtoBaHHSA NpU3BOAUTL
00 3HMWKEHHS BMICTYy a3oTy Ha 10-20 ppm Ao piBHS
6rm3bko 30 ppm 3a paxyHOK iHTEHCUBHILIOrO npote-
CYy 3HeBYrneuboBYBaHHS i 3@ paxyHOK 3aXUCTy nose-
pxHi meTany Big atmocdepu. Ane Tpeba BpaxoBy-
BaTW i BigOMe HeraTuBHE sIBULLE CMiHOBAHOCTI LUSa-
Ky - BUKMOW LUNaKy 3 KiBLUY.

BuBYEHHSA BNMMBY LUNAKOBOrO MOKPOBY MOBEPXHi
MeTany Ha BuaaneHHs rasis (BOAHIO Ta a30Ty) Moka-
3ano, Wo npu BUKOPWUCTAHi aproHy y SKOCTi rasy,
AKUM MNpoayBalTb MeTasl Ha YCTaHOBLUi KiBLU-MiY,
NPY 3HWKEHHI IHTEHCUBHOCTI MpoLecy 3HeBYrneLbo-
BYBaHHsS AN Ginbll NOBHOIO BMAANEHHS rasiB rno-
BEPXHHA MeTarny NoBMHHA OyTW BIOKPMTOIO Bif LUNAKY.
Ane npu UubOMy NOCTINHO BiabyBaTUMETbCA napane-
NbHUIA NpoLec nepexoay rasy 3 aTmocdepu B meTan
(nepeBaxHO ANs a30Ty), OCKIMbKW LWNAK € 3aXUCHUM
NMOKPMBOM MeTarny Bif aTMocdepu.

3aMiHa 4acTMHM aproHy asoToM B rasi Npu3BOAMWTb
[0 nepepo3nofiny BEMNWYUH i HanpsiMy NOTOKIB a30-
Ty 3 MeTany B Oynbbaliku rasy, skMM NpoayBatoTb
meTan. LLlo6 3abe3aneunTun 3aranbHe 3HWKEHHSI KOH-
LeHTpauii a3oTy B MeTani Takox HeobxigHO matm
HM3bKUI 3amnuLLKOBMA TUCK Hag MeTarnom Ta Bigno-
BiAHi BMMOMM OO0 BMICTY @30Ty B MeTani [24].
Bepyun go yBarv MOXnuBICTb yTBOpeHHS Bynbbalu-
Kn, Wwo cknagaetbca 3 asox rasis CO i N2, po3paxy-
HKaMu nokasaHo Lo 3HayeHHs Tucky CO + N2 ckna-
no 6nmsbko 82000 Ma, wo meHwe 1 atMm. Taknm 4u-
HomMm, npu Bunnasui ctani 1008 He BUABNEHO yMOB
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Onst yTBopeHHs Bynbbaliok npu nigsBuweHoMy BMic-
Ti @30Ty B MeTani Ha Bunycky. [NpoBeaeHi po3paxyH-
KV Ta OOCHiAKEHHS MiATBEPOXKYIOTb BUCIIOBIOBAHHS
aBTopa [10], Wwo Ha BigMiHY Bi4 BOAHIO a30T NpaKkTu-
YHO HIKONW He BUAINSETBCS 3 MeTany B npoueci Kpu-
cTanisauii i HiKonn He € NPUYMHOI YTBOPEHHS Byrb-
B6awok, nopuctocti. OpfHak, MiOBULLEHHA BMICTY
anoMiHilo Ta as3oTy B cTani npu3BoAATb A0 YTBO-
peHHs1 cneundiyHuX makpoaedekTis [22], Wwo Hera-
TMBHO BNMMBalOTb Ha NnacTuyHy gedopmadiio me-
Tany i noripwylTb MexaHiuHi BnacTtMBOCTi. YTBO-
PEHHST HITpMAY anoMiHilo Moxe BigbyBaTucsa nig vac
KpucTanisauii ctanesoro 3nuBka [22]. AntoMiHin Ta
a30T YTBOPIOWTb HiTpMg antomiHito AIN 3 Temnepa-
Typoto nnaeneHHst 6nmsbko 2100 °C. TepmognHami-
YHWI PO3pPaxyHOK MOKasye, Lo 3a AOMNOMOrow [o-
CTaTHIX KiNbKOCTEN NpucagXeHoro TuTaHy MOXMMBO
HeWTpanidyBaTu Lil0 a30Ty B cTansx, WO MiCTATb
antoMiHin, | TMM caMUM CMIPUSTU YCYHEHHIO AedeKTiB
Ta NOKPALLUEHHIO SIKOCTi NIUTOI 3arOTOBKW. TakoX Mo-
XIIMBO BMKOPUCTOBYBATM CYMill rasis npu BaKkyyMy-
BaHHi cTanen 6o goseaeHo wo BmicTt CO i BogHo B
Oynbballkax nNpodyBHOIO rady He 3anexutb Big
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BucHoBKkW. BUKOpUCTaHHA CRIHEHOro LWaky npu no-
3aniyHin obpobui MeTany Ha ycTaHOBL, KiBLI-MiY O0-
3BOMUTb PO3LLMPUTM acCOPTUMEHT cTanew, Lo BuW-
NNaBnstoTbCA 3 BUKOPUCTAHHAM Yy SKOCTi rady SKuM
npoAdysalwTb MeTan - a3oT abo noro cymiw 3 apro-
HOM, MPU UbOMY 3HAYHO 3HM3UTBLCH COobiBapTICTb
OflepXKyBaHOro NpoaykTy i He 3MiHATb BNacTMBOCTI
meTany. BukopuctaHHa mogeni A403BONMUTL po3LUK-
pUTK COpTaMEHT cTanen OO SKMX MOXIIMBO 3aCTOCO-
BYyBaTW Y AKOCTi MPOAYBHOrO rady asoT Yu BUMKOPUC-
TOBYBaTU Y AKOCTi iIHEPTHOrO rasdy CyMmill rasis apro-
Hy Ta a3oTy Yy pi3HOMY CMiBBiAHOLWIEHHI Npu 06pobu;i
crani.

Mpn pO3KMCNEHHI Ta NneryBaHHi cTanen antoMiHiem
nosariyHa obpobka AkMX 34INCHIOETLCS ra3oBOO CY-
MilLW0 HeoOXiAHO BpaxoByBaTWM BMMMB Ha YTBO-
PEHHS HITPUAIB TaKWX €NemMeHTiB 9K TUTaH Ta uump-
KOHin 6O BOHM MOXYTb HAOXOAWUTWM B MEeTan 3 LUWX-
TOK | MOXYTb MO3UTMBHO BMMMBATW HA MEXaHIiYHi
NMOKa3HUKMN AKOCTi Yepes Te Lo CNOpPIgHEHICTb OO0 Ku-
CHIO B HWX HEBENWKa, Yy MOPIBHSAHHI 3 antoMiHiem Ta
TUTaAHOM, a 3 a30TOM BULLA YMM Yy anioMiHilo Ta Tu-
TaHy.

CrMiBBiAHOLLIEHHS Y HbOMY aproHy i asoTy [25].
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3aceavcukuii B. H., [Tonosaoe /1. B.
MareMaTH4Ha MO/JeJIb PyXYy Cisi40i MOBEPXHI rPOXOTY B YMOBAX il

yAapHo-BiOpamiiHoOl aii

Zaselskyi V., Popolov D.

A mathematical model of the motion of the screening surface under

the conditions of its impact vibration action

Y cmammi npedcmaesneHuli komrnnekcHul nioxi0 0o eupiweHHs1 akmyarnbHoi npobnemu nidsuWEeHHs eheKmueHocmi
2POXOYEHHSI WUXmOo8UX Mamepiarie, Wo Mae gaxrnuse 3HayeHHs1 0ns MemarypeailiHoeo saupobHuymesa. Memoto docrii-
OxeHb € po3pobka Mamemamuy4Hoi Moderi pyXy 8irbHO yKraOeHoI cisqoi nosepxHi epoxoma 8 ymosax ii eibpauiliHo-
y0OapHoi 0ii. [Jna docsieHeHHs nocmaesieHoi Memu 8 pobomi 8UKOpUCMOBYEMbCS noemarnHull cucmemMHul aHarsnia meo-
pemuyHo20 G0CIOXKEeHHST pyXy CIsiHOI MOBEPXHI, Kompa po32nsi0aembCsl IK MamepianbHa mouyka, pyx sikoi 06MexeHo
rnesHUM iHmepeariom, i po3bumudl Ha wicmb xapakmepHUX emarlie, KOXeH 3 IKUX aHalli3yembcs okpeMo. Y pe3dynbma-
mi docnidxeHHs1 6yrno po3pobrneHo OugepeHyitiHE PIBHSIHHSI PyXy CiS4Oi MoB8epxHi ma ompumMaHo 3anexHocmi, siki 0o-
380s1510Mb onucamu ii pyx y pisHux OUHaMIiYHUX cmaHax 8paxosyroyu cunu iHepuii, npyxHi dechopmauii, cunu msixiHHA
ma mepms. BusHa4eHi ymosu, 3a sikux 8i0bysaembcsi pe30HaHC i nidsuwiyemscsi iHmeHcusHicmp niokudaHHs cuma. Le
doseonsie MiHIMI3ysamu sisuuje 3abumms omeopig CissHoi Mo8epxHi, WO, y €80 Yepey, nidsuuye eghekmusHicmb rpo-
uecy sidcigy. Haykoea Hosu3Ha O0CIiOXeHHSs nosiseae 8 po3pobyi Ho8oI MamemMamu4HOI MOOeri, sika Orucye pyx 8inb-
HO yKknadeHoI cisiHoi mosepxHi 8 ymoeax ii eibpauitiHo-ydapHoi dii. Lle dossornsie snepwe demarsnbHO 8U84UMU MPOUEcU,
wo sidbysarombcs Mi0 Yac epOXOYEHHS, i 8U3Ha4YUMU onmumarsbHi ymosu Orsi 3MEHWeHHs1 3abumms omeopig cis4orl
nosepxHi. Pesynbmamu yb020 00C/iOXeHHST MOXymb 6ymu eukopucmaHi Orsi 800CKOHaNEHHs1 npoyecy nid2omoexku
3ari30eMmicHOI cuposuHu 00 neperasy, Wo € akmyarnbHUM 3agdaHHsAM 07151 MemaJiypeiliHoi mpomuciogocmi. 3acmocy-
8aHHs1 po3pobrieHoi Mamemamu4Hoi modesi do3gonume nidsuwUMU eghekmusHicmb gidcigy Opib's3kosux ghpakuid,
3MeHwWuUmu 3abumms 0meopi8 CissHoI Mo8epxHi, WO MoKpawume 3az2arbHy siKicmb mMemarnypaitiHux npouyecis. Lle, e
€800 Yepay, Crpusimume eKOHOMII pecypcie ma 3HUXEHHIO aumpam y 8UupobHUUmMSi.

The article presents an integrated approach to solving the actual problem of increasing the efficiency of screening
charge materials, which is important for metallurgical production. The aim of the research is to develop a mathematical
model of the motion of a loosely stacked screening surface under the conditions of its vibration and impact action. To
achieve this goal, we have used a step-by-step systematic analysis of the theoretical study of of the motion of the siev-
ing surface, which is considered as a material point whose motion limited to a certain interval, and is divided into six
characteristic stages, each of which is analyzed separately. As a result of the study, the following were developed a dif-
ferential equation of motion of the sowing surface and obtained dependencies that allow us to describe its motion in dif-
ferent dynamic states, taking into account the forces of inertia, elastic deformation, gravity, and friction. The conditions
under which resonance occurs and the intensity of the sieve tossing increases. This allows minimizing the phenomenon
of clogging of the holes of the sieving surface, which, in turn, increases the efficiency of the turn, increases the efficiency
of the screening process. The scientific novelty of the study is the development of a new mathematical model that de-
scribes the movement of a loosely of a loosely laid sowing surface under the conditions of its vibration and impact ac-
tion. This allows us to for the first time to study in detail the processes occurring during screening, and to determine the
optimal conditions for reducing clogging of the seeding surface holes. The results of this study can be used to improve
the process of preparing iron-containing raw materials for remelting, which is an urgent task for the metallurgical indus-
try. The application of the developed mathematical model will increase the efficiency of screening out fines and frac-
tions, reduce clogging of the holes of the screening surface, which will improve the overall quality of metallurgical pro-
cesses. This, in turn, will help save resources and reduce production costs.

Betyn

B gaHun yac AkicTb MigroTOBKU LUMXTOBMX MaTepia-
niB meTanypriiHoro BUpobHMLTBA B 3HaAYHIN Mipi 3a-
nexvTb Big edEeKTUBHOCTI BiAciBy Api6’a3koBux
dpakuin (0...5 MM) 3 3ani3oBMICHOI CMPOBUHU. AK
nokasye [OOCBi4 ekcniyaTauii pi3HOMaHITHUX TuniB
rPOXOTiB, 306iMblIEHHS e(eKTUBHOCTI TPOXOYEHHS
LUMXTOBMX MaTepianiB yTpygHEHe CyTTEBUM 3abu-
BaHHAM OTBOPIB Cisi4MX MOBEPXOHb, LLIO HE 4O3BOMSIE
NiABMLWMTM SKICTb MiArOTOBKW 3ani3oBMICHOI CUMpPO-
BVMHM O Nepennasy.

BoueBnab NS npakTUKIB i HAyKOBLiB cTae HeoOXia-
HUM reHepyBsaTu, OOCHiQKyBaTU Ta BUKOPUCTOBYBa-
TW HOBI igei, Aki 6 4O3BONUNKN 3MEHLUNTUN 3a0UTTS Ci-
AYMX NOBEPXOHb rpoxoTa Ta 36inbwutn edekTns-
HICTb BiACIBY HEKOHOMLUINHUX copakLin meTanyprinHol
LWMXTU nepeqd AOMEHHOK nnaBkow. Tomy poboTm
HanpaBneHi Ha iHTeHcudiKaLilo npoLecy rpoxo4veH-
HS LUMSIXOM 3MEHLLEHHS 3abMTTS OTBOPIB CisvmMX no-
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BEPXOHb FPOX0Ta, siki BUKOPUCTOBYHOTLCA ANS BiACi-
By Api6’A3KOBOro knacy B 3ani30BMICHMX LUMXTOBMX
mMaTepianax Ha CbOrofHi € akTyanbHUM 3aBOaHHSM.

AHanis nitepaTypHux
npo6nemm

IHTeHCMiKkauii npouecy rPOXOYeHHs MiHeparbHOI
CUPOBMHU NPUCBSAYEHO Garato JOCMiAHMLBKUX POBIT.
(ONOBHMM YMHOM BOHW CTOCYHTbCSI TOrO, K Bigno-
BICTU Ha NMUTaHHSA, SKUM cnocobom MiaBMLLNTK Ou-
HaMiYHi NMoKa3HWKM pobo4Yoro opraHy rpoxota abo
MNoro cisiioi noBepxHi, Wo6 3mMeHWNTK ii 3axapalle-
HICTb YK 3aOUTTS OTBOPIB BaXXKOMPOXiAHUMMK YacTu-
Hkamu [1-5]. [lo rpoxoTiB Takoro TMny MOXxHa BifjHe-
CTU MAaLUUHU 3 PYXJSIMBUMU CisidaMn MOBEPXHAMMU, Y
KOTPUX KONMMBAHHSA Big BiOp03bygHMKIB 4acTOTOH Y
100 'y nepepatoTbesa 6e3nocepeHbO CiAvin noBep-
XHi, KOTpa XXOPCTKO 3akpinneHa Ha kopobi [6], y iH-
LUMX, MPOLEC rPOXOYEHHS IHTEHCUQIKYETbCS 3a pa-

AaHUX Ta NOCTaHOBKa
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XYHOK MiABWLLEHHSI MPUCKOPEHb, ab0o 3rMHy Ta po3Tsi-  Ji30BMICHY MeTanypriHy LUMXTY, Taki JOCHiIKEHHS
ry cisyoi nosepxHi [7-11]. Takox cnig Big3HauuTW € AyXe BaXNUBUMM.

PEe30HIBHI Cisivi NOBEPXHi po3pobreHi IHCTUTYTOM re-

oTexHiyHoi MmexaHikm iMm. M. C. MNonsakoBa Hauiona- MeTa i 3aBaaHHA AocnigXeHb

NbHOT akagemii Hayk YKpaiHu, KOTpi BuKopuctoBytoTb  MeTa poboTtu nonsrae B po3pobui matemaTuyHol
ABMLLA PE30HaHCY Ha HaTArHyTMX CTpyHax. Taki ciadi  mogeni pyxy BiflbHO YKNageHol Cisvoi NoBepxHi npu
noBepxHi 3abe3nevyloTb 3HWXKEHHA 3abUTTA Ta 3a-  BibpauilHO-yaapHin Aii Ha Hel Ana 3MeHLUeHHs 3a-
XapalleHocTi ii 0TBOpiB, O4HAK X BUKOPUCTAHHA HEe  BUTTA Ti OTBOPIB BAXXKONPOXIAHNMW YacTUHKaMU.
MOXMMBE ANs YMOB LUMXTOMNIArOTOBYMX BigdineHb

MeTanyprinHoro BUpoGHMLTBA OCKifNbKM BOHW MatoTb  MaTtepianu Ta meToau AocnigkeHb

HeJOCTaTHI0 HaAIMHICTb | KOHCTPYKTUBHY CKnagHicTb  lNMpu po3pobui MateMaTudHOoi Moaeni pyxy cisdoi
[12-14]. NMoBepXHi rpoxoTa B ymoBax ii BibpauiiHO-ygapHoi
[nsa pisHOMaHITHUX OUHAMIYHUX CXeM BibpauilHux  Aii TeopeTuyvHi OOoCNimMKeHHS BMKOHYBannCb 3 BUKO-
rPOXOTIB i BCTAHOBMEHUX Ha HUX CiYMX MOBEPXOHb  PUCTaAHHAM MOETanHOro CUCTEMHOro aHanisy. Ha
Oyno BuKoHaHe BaraTo TeopeTUYHMX JocnigkKeHb Ta  puc. 1 HaBedeHa 3aranbHa po3paxyHKoBa CXxema py-
po3pobneHo MaTeMaTUYHMUX MOZENEN pyxy poboumx Xy cisyoi NoOBepXHi, Ae YMOBU 3B’A3Ky, KOTpi Npukna-
OpraHis, B TOM e 4Yac ANS rpoxoTiB Cidya NOBEpXHA  AeHi A0 Hel, A03BONATb 06MexuTn il pyx B NpoMi-
KOTPUX BiflbHO pO3TallOBaHa Ha MOro kopobi Takmx XKy &j,.

pocnigxeHb nposegeHo He Byno. Ane ans yoocko-

HamneHHs WNXTOBUX FPOXOTIB, SKi hpakuioHyoTb 3a-

PucyHok 1 — 3aranbHa po3paxyHkoBa cxema

Cawmy cisuy noBepxHIo NpeacTaBnNgemMo B AKoCTi Ma-  [NpuiiMaemo, Lo B NOYATKOBOMY MOSIOXEHHI Maca m
TepianbHoOi Toukn C po3TalloBaHOi B LEHTPi Mac CU-  3HaXoguTbCs B CTaTUYHIM piBHOBA3i, CNUparyncb Ha
CTeMU, WO PO3rnaAfaeThCs, a il NPYyXHY AedopMa-  HWDKHIO NOLWMHY NiACUTHUKA.
Lito npunmaemo 3a ycepefHeHy gedopmadito npyx-
HUX eNEeMEHTIB 3 XOPCTKICTIO cg,.. Macy kopoby no3- Pe3ynbTaTu gocnigkeHb
HayeHo sk M, a macy cisyoi noBepxHi 3 LeHTpoM Po3rngHeMo nepwunin etan pyxy cigyoi nosBepxHi. B
mMac B Touui C gk m. Togi Ha Touky C moxe OyTn no-  LbOMY BUNaAKy maTepianbHa TOYKa CNUpaeTbes Ha
CNiJOBHO HaKMafgeHo [Ba OOHOCTOPOHHIX 3B’A3KW,  MPYXHY OCHOBY BiJOMOI XOPCTKOCTI (puc. 2), a ii pyx
npyu BMOWpPaHHI MPOMiIXKY &, B3ZOBX Bici yi. Lli  npuimaemo Takum, LLO NOBHICTIO NIAKOPIOETLCH PYXy
3B'A3KM BMHUKAIOTb MO Mipi 3iTKHEHHA Macu M 3 HU-  kopoby. Maca kopoby BBaXaeTbCs HACTIMbKU nepe-
XHbOIO Ta BEPXHbOI MMOLIMHAMM BHYTPILHLOI NO-  BaXalo4ol Hag Macolw MaTtepianbHOI TOYKM, Lo
BEpxHi LBeneponodibHoro niacuTHuka. Po3fdinumo  3MIHOK0 3aKOHY pyXy KOpoOy Mpu B3aeMOAIi 3 TOUKO
npouec LMKMNIYHOTO pyXy MeXaHi4yHOi cuctemu, npyu  MOXHAa 3HexXTyBaTu.
KONMMBaHHAX KOpPOOY, Ha LWICTb XapakTepHUX eTanis.

1.‘

a) o)
PucyHok 2 — PospaxyHKOBi cxemMu npw CrinbHOMY PO3roHi Kopoby Ta cisvol NoBepxHi (a), ANns BU3HAYEHHS
Hanpsimy cun iHepuii (6)
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Hexanm pyx kopoOy BignoBigae rapMoHiNHOMY 3aKOHY, XapakTepHOMY Ans O4HOpPIAHOro BiGpauiiHoro nons 3
NIHINHWUM NOMEeM TPAEKTOPIN NOro TOYOK, LLIO € 3aKOHOM NEPEHOCHOrO PyXy

{xe(t) = A - sin(wt) - sin B B

v,(t) = A-sin(wt) - cos B,

ae A — amnnityaa KonveaHb B3OOBX HanpsiMy pyxy, M; w — KpyroBa 4actoTa KonmBaHb Kopoby, c1; B — kyT
BiOpaLjii Touok KopoOy (Big HOpMani K cisvoi NoBepxHi 4o NiHii Bibpauii).

Togai, y BigNoBigHi cnuctemMi koopanHaT Xiy1 (OUB. pUC. 2) CUMNK iHEpLii NEPEHOCHOro pyXy Y BigMNoOBIgAHOCTI 40
(1)(1) 6yayTb maTu abCconoTHY BENNYUHY

{Sinx =m-A-sinf - w?-sin(wt) @

—m-A- 2 - s
Siny =m-A-cos - w*- sin(wt).
Ockinbku, B LUbOMY AMHAMIYHOMY CTaHi cuCTemMu posrfsiaanach nvue npyxHa gedopmauis cisyoi NoBepxHi
npu Hepyxomomy ii nepumeTpi, TO CUITOK0 iHepLii B3OoBX BiCi X1 OyaeMo HeXTyBaTMu.
Topai, OCHOBHMI 3aKOH AMHAMIKM ANS BiAHOCHOMO pPyxXy 3anuweTbCs Y BUrnsagi

m-y,=—-U+Sy, +G cosa—F, 3)

Ae ¥, — BiQHOCHE MPUCKOPEHHS TOYKU, M/C?; @ — KYT Haxmny Cisvoi NoBepXHi 4O ropusoHTy, rpag; U — cuna
NPY>XHOCTI NPYXXUHK, eKBiBaNeHTHa NPY>XHOCTI CiSY0i NOBEpPXHi, ka BU3Ha4YaeTbca 3a hopmynoro

U=cyg- yH (4)
G — cuna TSKiHHA
G=m-g,H, (5)

Ae m — Maca MaTepianbHOi TOYKM (CiSYOi NOBEPXHIi); g — NPUCKOPEHHS BINbHOIO MagiHHA, m/c?; F — cuna
B'I3KOr0 CynpoTuBY

F=p-y H, (6)

ne u — koedilieHT B’A3Koro TepTs, Kr/c.

3Baxaloun Ha Te, Lo cuna TSXIHHA G KOMMEHCYETLCHA CUIMOK0 MPYXXHOCTI MaTepiany — cknagalTb 3piBHOBa-
XKEeHy cucTemy cwun, TO 3rigHO akciomm 2 ctatukm [15] iXx MOXHa BiOKMHYTU, WO Aa€ 3MOry po3rnsagaty nuwe
ANHaMiYHY cKkagoBy.

MepeTBOprOEMO BUpa3s (3), BpaxoByto4uu BULLIEBMKNALeHe Ta Bupasu (2), (4-6)

y+£y +Cﬂ.y =A-cosB-w2-sin(wt) @)
UL GO ) '

PiweHHs andepeHUiiHoro piBHAHHS (7) BMKOHYBanochb 3a MeTOOUKOI0, BuknageHoto [16], ans 3pyyHocTi 6y-
NV BBEAEHI HACTYMHi NO3HaYeHHS

” _— . .
Csr _ 2.
=k ©)
A-cosf-w?=H. (10)
Topi Bupas (7) npunme Burnsag
Vo +2-h-y.+ k% y.=H - sin(wt). (11)

PiweHHs andepeHUinHoro piBHAHHSA (11) 4O3BONSAE BU3HAUUTU 3aKOH BiAHOCHOrO pyxy maTepianbHOi TOYKM
npw NepLIomy BMUAI AMHAMIYHOIO CTaHy
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Vo + Vioh
y, =e Mt [%sin (t k% — hz) + ¥y, COS (t k% — hz)] -
D
—e Nt [7(h-siny +w-cosy)-sin(t-vk%—h%)+
= (¢ a2 =)
+D - siny cos (t Vk? — hz)] + D - sin(wt +y), (12)
e y,, — NovaTkoBa BiAHOCHA LUBUAKICTb MaTepianbHOI TOYKN, M/C; y,, — NOYaTKoBa KOOpAMHATa BiAHOCHOro

NOSTOXXEHHS MaTepianbHOT TOYKK.
[nsa cnpoweHHs y Bupasi (12) 0ynun BBeAeHHI 4OAATKOBI MO3HAYEHHS

h2-w2 ’ (13)

+4 o

H
D=
e (1-%)

2-hw
y=-aretg (15— 3)

(14)

Ha nigctasi oTpMmaHoro piweHHs 6yB BU3Ha4YeHW koedilieHT QUHaMiYHOCTI nigyac BiGHOCHOIO PO3roHY Cu-
Ta

1
e .
AKUA MPUNMAE MakCUmarbHe 3Ha4YEHHS 3a YMOBMU
w 2
= [1-213 (16)
A noro MakcumarnbHe 3Ha4YeHHs JOPIBHIOE
Kt = — e
17)

2 I(0-5)

3 oTpMMaHmX 3anexHocTen MoxHa 3pobMTN BUCHOBOK, LLO Npu

e 18

k @ Cor (18)
CrocTepiracTbCs ABULLLE Pe30HaHCy. Mpu LbOMY, SKLLIO
h u

—=——==0, 19

k2. /m-c, (19)

TO NPU BUKOHaHHI yMOBU (18) koedilieHT AuHaMIYHOCTI Ky;, = oo.
Mpu yMOBI, WO AOTPUMYETLCA HEPIBHICTb

(ﬁ) 21 = H—21’ (20)
2 2

ABULLE PE30OHAHCY 3HUKAE.
HesBaxatouMm Ha OLHOCTOPOHHIN 3B'SI30K MPOLEC MPYXHUX KONMMBaAHb He MNiATPUMYETbCHA 4epes3 po3puB
3B’A3Ky, TEHAEHLis 40 BUHWKHEHHS SIBMLLA pe30HaHCy A03BOISe 3abe3nevnTu iHTEHCUBHE MiAKMAAHHS cuTa.
TakMM YMHOM, Ha NoYaTKOBOMY eTani HeobxigHO 3abe3neunT yMoBY
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w =1; (21)

CST

U .
———— > min. 22
2. /m-cs (22)
Bigpue cuta Big HWXKHBOI MAOLWMHN BHYTPILLHBOT NOBEPXHI MNiACUTHMKA B KiHLi NepLUIoro etany xapaktepHUn
TUM, WO B LIe MOMEHT, NpW BiACYTHOCTI CUNKU TEPTS, CuUna Npy>XHOCTI NPYXWHK, SIK peakLisi onopu, AOPIiBHIOE
HYMI0, @ KOOPAMHATM TOYKM OOPIBHIOKTE 3HATOI CTaTUYHOI Aedpopmalii onopu. Toai ymoBa BigpuBy 3 ypaxy-
BaHHSIM CNPSAMOBAHOCTI BiCi BIGQHOCHOT CUCTEMW KOOPAMHAT X1y1 (AUB. pUC. 2) NpuimMe BuA

.. = g - cosa, 23)
Vr=g (

4n

g. cos a. (24)

sr

m
VYr1=—

KiHeub neplioro ertany LUMKNIYHOTO PyXy CUCTEMW BM3HAYaETbCA MiACTaHOBKOW Bupasy (24) B (12),
PO3B’A3yBaHHSI YTBOPEHOTO PIBHAHHSA YNCENBbHUM METOAOM [03BOSIAE BU3HAYMTN MOMEHT t1 BigpunBy marepi-
anbHOI TOYKM Bi onopw, a noxigHa 3a Yyacom Bif (24) 3 BpaxyBaHHSAM t1 JO3BOMSE BU3HAYMTU KiHLEBY LUBUA-
KiCTb V1 Ha Mpu KiHUi nepLioro eTany.

TakMM YMHOM, OTPUMAHI 3aneXHOCTi JO3BOMATb BU3HAYUTM NOYATKOBI YMOBM — LUBUAKICTb | KOOPAMHATU
mMaTepianbHOI TOYKW, ANS nepexogy 40 MaTeMaTUYHOro onucy Apyroro AMHaMiYHOro CTaHy CUCTEMMN.
PosrnsaHemo gpyrum etan. B ubomy Bunagky Kopob i cisya noBepxHsi, KOTpa Mae OguH CTyniHb cBoboam y
HOpMarnbHOMY A0 OMOPHOI MOBEPXHI LIBENEpOnoAibHOro NigCMTHMKA HanpsiMKy, pyxarTbCs pOo34inbHO.

lMicna BigpvBy mMaTepianbHOI TOYKU Bif OMOPHOI MOBEPXHi BOHA NEpPEMILLy€eTbCS B NPOCTOPI, yTBOPEHUM Mid-
CUTHUKOM, Nig gieto cnnu TsxkiHHA (5) Ta TepTsa

R=k-NH, (25)

e k — koedilieHT TepTsa CMOKO Napu «cisida NOBEPXHS — CTiIHKM MiACUTHUKay»; N — cuna HopMarbHOI peakuii
CTiHKM niacuTHUKA, H;

y abCconioTHIN cucTemi KoopauHaT Xy, Ta nig Aieto 4oAaTKOBUX cun iHepuii (2)(2) y BIGHOCHIA cuctemi Koop-
AvHaT X1y1 (puc. 3), WO BUHMKaKOTb Big NEPEHOCHOro pyxy Kopoby 3a 3aKoHOM AMHaMIiKu A58 BiQHOCHOMO py-
Xy MaTepianbHOi TOYKM. Takum YMHOM, ANs 3ag4aHOi CXemMu npuknagaHHsa cur, BMGpaHoro HanpsiMky ocen
koopamHaT (avB. puc. 3) y BigNOBIAHOCTI A0 OCHOBHOIO 3aKOHY AWUHAMIKM BiQHOCHOIO pyXy TOYKWU, MaEMo

G-sina+N—Sy,,=0 (Momunkal!

{G-cosa—R+Siny=m-jir' Yy
OOKYMEeHTi
BiACYTHIN
TeKcT
yKasaHoro
ctunio..1)
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PucyHok 3 — Po3paxyHkoBa cxema KOB3aHHS! CisidOi MOBEPXHi B MPOCTOPi, yTBOPEHUM MiACUTHMKOM, (a) Ta
BM3HAYEHHS HanpsaMy cun iHepuii (0)

MepeTBOpPMMO BUpa3 (26) BpaxoBytoun (2), (5), (25)

{m-g-sina+N—m-A-sinﬁ-wz-sin(wt)=0 27)
m-g-cosa—k-N+m-A-cosf-w?-sin(wt) =m-j,
3 nepLuoro piBHAHHA cucTeMm (27) BU3Ha4aEMO HOpMarbHy peakTUBHY cuny

N=m-A-sinf w? sin(wt) —m-g-sina. (28)

MigpcTaBumo 3HamgeHe 3Ha4YeHHs B Apyre PiBHAHHA cuctemu (27), npeacTaBnsioyn BiQHOCHE MPUCKOPEHHS
TOYKM Ji,. Yepes LIBUAKICTb BiQHOCHOro pyxy martepianbHOi TOYKM B340BX NPOCTOPY, YTBOPEHOMY MiACUTHU-
koM, 1., (£)

V;y(t) =g-(cosa+k sina)+A-w?- sin(wt) - (cos f — k-sinp). (29)

Po3B’sa3aHHA audepeHUinHOro piBHAHHS (29), BpaxoByouM MOYaTKoBY LUBUAKICTL NPOLIECY BIAHOCHOMO pyXy,
sika JOPIBHIOE KiHLEBIV LLIBUOKOCTI TOYKM Ha nonepeHbOMY eTani B MOMEHT pO3puBY 3B’A3KY MiX Cig4oto no-
BEPXHEI0 Ta OMOPHOK MOBEPXHE NIACUTHMKA, SKa BU3HAYaETbCH ANdEPEHLiloBaHHAM PiBHAHHSA (24) Bpa-
XOBYIOYM t;, JO3BOMSE OTPUMATK LUBUAKICTb BIHOCHOIO Pyxy martepianbHOl TOYKM B3[OBX MPOCTOpPY, YTBO-
peHOMY NiACUTHUKOM

Vy(t)=g-(cosa+k-sina) - t—A-w-cos(wt) X
X (cosB—k-sinB)+V,,. (30)

Micns iHTerpyBaHHsa oTpumaHoro Bupasy (30) 6yaemo maTv 3aKOH BiJHOCHOIO pyxy martepianbHOi ToYM Ha
eTani ii nepemilweHHs B NPOCTOpi, yTBOPEHOMY LUBENEPONnoAibHM MiACUTHUKOM NpY MOYAaTKOBIA KOOPAMHATI
Yr1, KA € KOOPAMHATOK PO3PUBY 3B’AAI3KY MiX CiSiHOI0 MOBEPXHEH Ta OMOPHOI NOBEPXHEIO LIBENeponogioHo-
ro NigCMTHUKa Ha nonepeaHbLOMY eTani

¥ =05-g-(cosa+k-sina)-t*— A-sin(wt) X
X(cosB—k-sinB)+V, - t+y,,. (32)

KiHueBi napameTpu faHoro etany BM3Ha4yaloTbCs 3 cuctemm anrebpaidHmx piBHAHb, YTBOPEHMX Ha MigcTa.i
Bupasis (30) Ta (31).

Vi, =g-(cosa+k-sina) -t,—A-w-cos[w- (t, +t;)] X
X (cosB —k-sinfB)+V,,
—8,=05"g (cosa+k-sina)-t,2 —A-sin[w- (t; + t;)] X’
X (cosB—k-sinB)+ V. t, +y

(32)
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B cuctemi (32) y TpUroHoMeTpu4yHOMYy BMpasi, sIKE  XOMOHK, MEPEMILLYETLCA NULLE PO3TArHyTe TiNo cis-
BM3HA4Ya€e rapMOHINHUIA 3aKOH PyXy KOpoby, BUKOPU-  Y4Oi NOBEPXHI.

CTOBYETLCS abCOMOTHUIM Yac pyxy, KOTpUI Bigpaxo-  3BaXkarouu Ha Le B po3paxyHKOBIM CxeMi cun, Npuk-
BYETbCS Bif HYNIbOBOro NOYaTKOBOrO MOMEHTY — Lie  NafeHux OO martepianbHOoi Toukn (puc. 4), jonycru-
cyma TpuBanoCTi NepLloro Ta APYroro CTaHiB pyXy MO BUKITHOYUTM B3aEMO YPIiBHOBaXKEHI Mix coboto cu-
t, +t. nm — cuny iHepuii B nonepeyHomMy Hanpsmky OO0
Ha TpeTbOoMmy eTani cisya NoBEpXHS BMUPAETLCS Yy  MPOCTOPY, YTBOPEHOMY LUBeneponoaibHum nigcut-
BEPXHIO OMOPHY NIOLLMHY MIACUTHUKA Ta 3YMUHSAETb-  HUKOM, Ta CUNY peakLii NOBEepXHi BEPTUKarbHOI CTi-
ca. YacTuHa cisivoi NoOBEpPXHi, WO HE KOHTaKTYe 3  HKW LUBENeponofibHoro nigcutHuKa, sika yTBOPHE
OMOPHO MIIOLWMHOK MIACUTHMKA MPOAOBXYE PyX Y  MPOCTIp Y BepTuKanbHin nnowwuHi. Cuna Tepts Ha
TOMY XX HanpsMKy MpOrMHal4vmMcb, B MeXax MpyXHo-  TpeTbOMy Ta YeTBepTOMYy eTanax BiAcyTHA BHacni-
CTi CisldOT MOBEpXHi, AOCAralun MakCcMManbHO MOX-  [JOK HEPYXOMOCTiI ONOPHOI NOBEPXHi cUTa B MPOCTOPI,
nuBY CTPiNy NporuHy. icns OOCATHEHHsT Makcuma-  YTBOPEHOMY NIACUTHWUKOM. PyxaeTbCcsl nuwie LEeHTP
NBHOTO MPOrMHY MOYMHAETLCA YETBEPTUN eTamn pyxy Mac cuta, KOTpUn M1 NPUAMAaEMO 3a OOChigKyBaHy
cisvoi NoBepxHi — i BiACKOKY Big BEPXHbOI OMOPHOI  MaTepianbHy TOYKY, 3a paxyHOK MOro MpyxHoi Age-
NAOoWMHW NiACUTHUKA Nig Aieto cunun npyxHocTi. Mpn  dopmadii.

LUbOMY ONOpHa NOBEepXHA CUTa 3alnullaeTbCA Hepy-
| F

N

a) 6)

PucyHok 4 — Po3paxyHkoBa cxema yaapy Cisvoi noBepxHi No NiACUTHUKY,
BiCKOKY BiJ BEPXHbOI OMOPHOI NMOLLMHN NiACUTHUKA (@), ANS BU3HAYEHHST HanpsAMy cui iHepuii(6)

B Tom yac, Tino cisyoi noBepxHi, SK i Ha NepLoMy eTani, MPUNRHATE 3a NPYXNHY 3 YyCepeaHEHO0 XXOPCTKICTIO
¢s-- BHAcNigok BHYTPILWHBOrO TepTA Ta aepoguHaMiyHUX BTpaT BiaOyBaeTbCcA gucunauis eHeprii B NpoLeci
pyXy MpYXHOro Tifa, sika BpaxoBYETbCHA 3a AOMOMOro eMnipuyHoro KoediuieHTa |, ekBiBaneHTHOro Koedi-
LiEHTY B'A3KOro TepTs.

BpaxoBytoun cTanictb posTallyBaHHA NPUAHATUX CUCTEM KOOPAMHAT Ta BMKNa4eHUX BULLe OOonyLleHb, OC-
HOBHUWI 3aKOH AMHaMIKM ANg BiAHOCHOrO pyxy MaTepianbHOI TOYKM NpunMe Bug

U+ Sy +G-cosa—F=m-j,. (33)
Bepyun po yBaru cuctemy (2) 3anexHocTi (4-6) supas (33)(33) npuime B1a

CST

.. uoo .
yT+E-yT—E‘yT=A-a)2-cos[5’-sm(a)t)+g-cosa. (34)

BpaxoBytoun metoauky [16] Ta BegeHi nosHaveHHs (8-10), (13, 14), pilueHHa audepeHLinHOro piBHAHHS (34)
O03BOMSIE BU3HAYMTW 3aKOH BiAHOCHOrO pyxy MaTtepianbHOI TOYKM MpU TPEeTbOMYy AMHaMIYHOMY CTaHi cucte-
MU

Vro + V- h
y, = e ht. %-Sin(t- kz—h2)+yr0-cos(t- /kz_hz)]_
—e"”-[ﬁ-(h-siny+w-cosy)-sin(t-\/kz—h2)+
+D-sinycos(t-\/k2—hz)]+D-sin(wt+y)+%-cosa. (35)
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3 ypaxyBaHHAM CUIM TepTS B NPOCTOPIi, YTBOPEHUM MiACUTHUKOM, PIBHAHHSA 4N PO3paxyHKy MOMEHTY Bia-
puBY MatepianbHOT TOYKM Big NiACUTHMKA, B TOM Xe 4Yac, e MOMEHT € NoYaTKOM eTany KOB3aHHS OMOpHOI
NOBEPXHi cuTa B MeXax NpoMixky &, byae matu Bug

U+G-cosa—R =0, (36)
ym

1
Vya = C—(R —mg - cos a). (37)

ST

MigcTaBnsAwYMN 3Ha4YeHHs y,, B (35) MM OTPMMAEMO Yac 3aKiHYEHHS YETBEPTOro eTany t,.

MoxigHa 3a yacom Big BMpasy (35) 3 NigCcTaHOBKOK t, AO3BOJISIE BUPAXyBaTK KiHUEBY LWBUAKICTb V,., Ha YeT-
BepTOMYy eTarni.

Ha n’atomy eTani nicns BigpuBy MaTtepianbHOI TOYKWN Bif, KOHTAKTy 3 BEPXHbOK OMOPHOK NOBEPXHELD LUBE-
neponofibHoro nNiaCUTHMKA, BOHA pyXaeTbCs Mig Oi€t0 CUIM TSXKIHHA Ta TepTa B aOCONIOTHIN cucteMi Koop-
AVHAT Xy, a TakoX Nifg Aieto cun iHepuii B BiAHOCHIN cucTemi KoopauHaTt Xi1y1 (auB. puc. 5).

PucyHok 5 - PospaxyHkoBa cxema KOB3aHHSA cisivol NOBEPXHi B npocTopi,
YTBOPEHOMY MIACUTHUKOM, (&), BU3HAYEHHSI HanpsaMmy cun iHepuii (6)

Toai, OCHOBHMWI 3aKOH AMHAaMIKU BiAHOCHOTO pyXy MaTtepianbHOI TOYKM NpuiMe BUA

(38)

G-sina+N—S;,,=0
{G‘cosa—R+Siny m-y,’

[MepeTBOpPMMO cucTemy piBHsHL (38) 3 BpaxyBaHHAM (2), (5), (25), BUSHAUMBLLM 3 NEPLLOro PIBHAHHA CUCTe-
Mu (38) HOpManbHy peakTuBHy cuny N, nigctaBuBLK i B Apyre piBHAHHS CUCTEMM, NPEeACTaBNsoYN MPUCKO-
PEHHSA TOYKW Ji,. Yepes WBMAKICTb BIQHOCHOIO pyxy MaTepianbHOI TOYKU B3[OBX NPOCTOPY, yTBOPEHOMY niA-
CUTHWKOM, OTPUMYEMO AnpepeHLiiHe PIBHSAHHSA, PO3B’A3aHHA KOTPOro, BPaxoBYKYM MOYATKOBY LUBWUAKICTb
npoLiecy BiAHOCHOrO pPyxy, sika OOPIBHIOE KiHLEBIW LUBUOKOCTI TOYKU HA YETBEPTOMY eTani B MOMEHT pO3puBY
3B’a3ky V,,, Ska BM3HA4aeTbCHa AndepeHLUiloBaHHAM piBHAHHA (35) BpaxoBykouun t,, OO3BONISIE OTpUMAaTH
LUBWAKICTb BIQHOCHOMO Pyxy MaTtepianbHOI TOYKM B340BX NPOCTOPY, YTBOPEHOMY NiACUTHNKOM

V() =g (cosa+k-sina)-t—A-w:cos(wt) X
X (cos B —k-sinB) + V,,. (39)

Micnsa iHTerpyBaHHa Bupasy (39) OTPMMYEMO 3aKOH BIQHOCHOrO pyxy MartepianbHOI TOYKM Ha M'AaToMy eTani
NpW NOYaTKOBIN KOOPANHATI Y,y
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¥ =05-g-(cosa+k-sina)-t?—A-sin(wt) x
X (cosB —k-sinB)+ Ve -t+ V. (40)

TpuBanicTb t; Ta KiHUEBY LUBMAKICTbL N’'ATOro eTany BU3Hayaemo 3 cuctemm anrebpaidHmx piBHSHb, yTBOpE-
Hol Ha niacTasi (39) Ta (40)

(Vrs =g-(cosa+k-sina)ts —A-w-cos[w " (ts+ -+ t;)] X
X (cosB —k-sinfB) +V,,
0=05"9g (cosa+k sina)ts? —A-sinfw- (ts+ -+ t;)] X’
X (cosB—k-sinB)+ V., ts+ V4

(41)

B cuctemi (41) y TpMroHoMeTpMYHOMY BMPasi, WO BU3HAYa€e KONMBaHHA KOpoby, BBOAUTLCH abCONMOTHUI Yac
PyXy, KOTPUI BiOnivyeTLCH BiA HYNbOBOro, NOYaTKOBOr0O MOMEHTY — Lie CyMa TpuBarnocTi Bid NepLioro Ao
MATOro eTaniB pyxy BKMOYHO (ts+...+t;).

WocTtnin etan HacTynae nicns nosiBU KOHTAKTy OMOPHOI NOBEPXHi CUTA 3 HWXHBbOK OMOPHOK MMOLMHOK
LUBENeponoaibHoro NiACUTHMKA B KiHLi N'ATOro etany, KOB3aHHS OMOPHOI MOBEPXHI cuTa B NPOCTOPI, YTBOpEe-
HOMY MiACUTHUKOM, MPUMNUHSIETLCHA, TOMY MPU 3anuci OCHOBHOMO 3aKOHY AMHAaMIKWU ONS BiQHOCHOro pyxy ma-
TepianbHOI TOYKUN, HEXTYHOUM CKITAgOoBOI0 CUNK iHepLii B3OoBX BicCi X1 (puc. 6)

m-y. =—-U+Sp, +G-cosa—F. (42)
Bpaxosytoum (2), (4-6) Bupas (42) npuime Bug
. ‘u . CST 2 .
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PucyHok 6 - PospaxyHkoBa cxema npu cnifibHOMy PO3roHi Kopoby

Ta Cig40i NoBepXxHi (a), BU3HA4YEHHs HanpsAMy cun iHepuii (6)
Bepyun go yBarn metoauky [16] Ta BBeaeHHi no3HayeHHs (8-10), (13), Bupiwytoun gudepeHuinHe piBHAHHSA
(43) OTPMMYEMO 3aKOH BiJHOCHOIO PyXy MaTepianbHOI TOUKM

y, =eht. %-sin(tw/kz —hz) +yr0-cos(t-\/k2 —h2>] -
—e"”-L/%-(h-siny+w-cosy)-sin(t-\/kz —h2>+D X

X siny - cos (t k% — hz)] + D - sin(wt +y) +%- cos a. (44)

Ha nigcTtaBi 3akoHy 306epeXeHHs eHeprii BU3Ha4a-
€TbCA MaKCUMyM (YHKLUIT BiHOCHOrO MOMOXEHHS
Vye- [iACTAHOBKa LIbOro 3HadeHHs B (44) possonse
BMpaxyBaT MOMEHT t, 3aKiHYEHHS LLOCTOro etarny.

MoxigHa 3a Yacom 3 NiACTaHOBKOW t, AO3BONSAE BU-
paxyBaTu KiHLUEeBY LWBUAKICTb V,., HA LWOCTOMY eTani.
LocTnm eTanom UMKN pyXy CiA40i NOBEPXHi 3aBep-
wyeTtbcd. KiHueBi napameTpu LLOCTOro etany € no-
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BcTtaHoBMneHO, WO pyX BiflbHO yKNageHol cisvol no-
BEPXHi Ha kopobi rpoxoTy npw BidpoydapHin aii Ha
Hei mMoxe OyTu onMcaHuM noeTtanHo, Ae Mo4YaToK
eTany € 3akiH4eHHa MOoro nonepeaHboro. ICHye Tic-
HUIA 4acoBMIN Ta KOOPAMHATHMI 3B’A30K A€ BCi KiHe-
MaTU4Hi NnapameTpu KOXHOro nonepeaHLoro eTany €
noYyaTKOBMMMW nNapameTpamun Ang HACTYMHOro CyMix-
HOrO 3 HUM, IO 03BOMSE PO3POOUTU MaTEMATUYHY
MoAenNb Pyxy BibHO YKNaaeHoi Cigyol NoBepxHi npu
BibpauiiHo-yoapHoi Ha Hel Ail.

B pesynbTaTi po3pobkuM MaTemMaTU4HOI Mogeni
BCT@HOBIEHO TPW OCHOBHI BMAW AVMHAMIYHOIO CTaHy
TEXHIYHOI CUCTEMU, LLO PO3rNAJAaETLCA, a came.
MepLumi BUA OUHAMIYHOMO CTaHy — L ChiNbHU pyx
nignpyXnHeHoi mMatepianbHoi Tovkn C Ta Kopoby,
AKMNA NOYNHAETLCHA 3 MOMEHTY 3iTKHEHHS CKNagoBuKX
cucTEMM MpY BigOMi KOOpAMHATI NOYaTKOBOro Mo-
NOXEHHS, a TaKoX BiAOMOI MOYATKOBOI LUBUAKOCTI
CKNagoBMX CUCTEMW, LLO BCTYNUIM B B3aEMOLII0.

JIleopis i NPaKMUKg Memarypeii

pameTpamu nonepeaHboro uukny pyxy. Llen guHa-
MIYHUIA CTaH BMacTMBMW NEPLLUOMY Ta LUIOCTOMY eTa-
NiB LMKIIYHOro pyxXy CUCTEMM.

Opyrmin BUg OMHaMIYHOIMO CTaHy — pO34ifibHUA pyx
€rNeMEeHTIB CUCTEMU, SIKUA NOYMHAETLCA 3 MOMEHTY
po3puBY 3B’A3KY Ha KiHL|i MepLIoro Yn TpeTboro eTa-
niB UWKMNIYHOrO pyxy CUCTEMU Ta 3aKiHYYyETbCA 3 MO-
MEHTY BiJHOBMEHHS 3B’s13Ky Ha TPETbOMY YM LLOCTO-
My eTanax. TpuBaniCTb LbOro AMHAMIYHOrO CTaHy
BM3HAYaETbCSA HE TiMNbKW LWBUAKICTIO PYXY €NeMEeHTIB
cucTemMu, ane N, Hacamnepen, KOHCTPYKTMBHUM na-
pameTpoM — MPOMDKKOM &,. Llen guHamiyHuin ctaH
MOBHICTIO BignoBigae Apyromy Ta M'(ToMy eTanam
LMKITIYHOTO pyXy CUCTEMM.

TpeTii BUg MHaMIYHOrO CTaHy CUCTEMWU — MNpYXHa
B3aEMOAIS CKIMagoBMX CUCTEMU Yepes MPYXUHY mnic-
N5 NOHOBMEHHN 3B’A3Ky. Llen agnHamiyHui ctaH Bna-
CTMBUIM TPETbOMY Ta YETBEPTOMY CTaHy LIMKNIYHOrO
pyxy cuctemm.

MoyaTKOBI NapameTpu B3aemogii € KiHueBMMW na-

BibniorpaciuHun onuc

1. CoBepluieHcTBOBaHME  TexHormorMM U obopydoBaHUst  arfioMepaLMoHHOro
iH. Memannypeaudyeckue npouecckl u obopydosaHue. 2011. Ne 3. C. 35-44.

2. YepeoHeHko A. ., Mopyc B. J1. M3HococTolKke AMHaMUYECK akTVBHbIE NMPOCEeMBaloLye NOBEPXHOCTU U3 3NacTOMEpOB Ans
pasfgeneHus Cbiy4nx martepuanos u nynbn. Tpydsi Il MexdyHapodHo20 cumno3uyma o MexaHuke anacmomepos. [Hinpo,
1997. T.1. C. 296-310.

3. 3acenbckuii B. U., 3ariues I. 1., Kutau E. U. MpombiluneHHble UccreaoBaHns paGoTbl PE3OHMPYIOLLMX NPOCEUBAIOLLMX MOBE-
pxHocTen. Teopus u npakmuka memarnypeauu. 2009. Ne 5-6. C. 15-18.

4. Kinematics characteristics of the vibrating screen with rigid-flexible screen rod and the behavior of moist coal particles during
the dry deep screening process / H. Jiang et al. Powder technology. 2017. Vol. 319. P. 92-101. DOI: https://doi.org/10.1016
/j.powtec.2017.06.036.

5. YpockoHaneHHsi obnafgHaHHsi Ta NpoLueciB BYrMenigroToBku i KOKCOCOPTYBaHHS MeTanypriiHoro BUpoGHULTBA: MoHorpadis /
B. 1. 3acenscekuit, [1. B. Mononos Ta iH. Kpusuii Pir: Mitepisa, 2019. 203 c.

6. Screening machines &  screeners I Siebmaschinenhersteller
URL: https://www.rhewum.com/en (gata 3BepHeHHs: 01.04.2022).

7. Research on Static and Dynamic Characteristics of Shear Spring of the Vibrating Flip-Flow Screen / G. Zhao et al. Symmetry.
2020. Vol. 12, no. 10. P. 1644. DOI: https://doi.org/10.3390/sym12101644.

8. Gong S., Oberst S., Wang X. An experimentally validated rubber shear spring model for vibrating flip-flow screens. Mechanical
Systems and Signal Processing. 2020. Vol. 139. P. 106619. DOI: https://doi.org/10.1016/j.ymssp.2020.106619.

9. Vibrating screen for solids and liquids - Heilig Mixing  Technology. Heilig  Mixing
URL: https://www.heiligmixers.com/products/screening-machine/vibrating-screen/ (aata 3BepHeHHs: 09.04.2022).

10. TexHonorus Kroosh. Multifrequencyequipment. Kroosh Tecnologies Ltd. URL: http://kroosh.com/ru/tehnologiya (nata 3Bep-
HeHHs: 17.04.2022).

11. YepsoHeHko A. I"., Mopyc B. J1. M3HocoCTOMKME AMHAMUYECKM aKTUBHbIE NMPOCEUBAIOLLME NOBEPXHOCTU U3 3MacTOMEPOB AJ1s
pasfeneHus ceinyuyux matepuanos u nynen. Tpyos: Il MexdyHapodHo20 cummno3uyma no MexaHuke anacmomepos. [Hinpo,
1997. T.1. C. 296-310.

12. Hapytoiii B. M., FonbauH A. A., Morpe6uxeHckuii . A. Vicnonb3oBaHue pe3oHUPYHOLWMX JIEHTOYHO-CTPYHHBIX CUT B KOHCTPYK-
umax BuBpaLmnoHHbIX rpoxoToB. Kokc u xumus. 1991. Ne 8. C. 27-28.

13. TMMoniyacToTHi rpoxoTn ANns TOHKOI knacudikauii i 3HeBOAHEeHHst noapiGHeHUX ypaHOBWMX pyA Ta BiaxodiB ix nepepobku /
B. I'. lLeByeHko Ta iH. [eomexHiyHa mexaHika. 2017. Ne 137. C. 80-92.

14. Resonance screens. Binder+Co. URL: https://www.binder-co.com/1124/Resonance-Screens#Basic-Info (qata 3BepHeHHS:
16.04.2022).

15. Uactok B. B. TeopeTuyHa mexaHika: HaBu. noci6. Kuis: LieHTp HaBu. niT., 2004. 402 c.

16. Uwucapx B. B., Mapycuk P. . MatemaTnuyeckve meToabl KoMnbloTepHoi rpaduku. Knes: dakt, 2004. 464 c.

npoussoactea/ W. M. MuweHko Ta

Nr.l- RHEWUM  GmbH:  [Website].

Technology.

References

1. Sovershenstvovanie tekhnologii i oborudovaniya aglomeratsionnogo proizvodstva / I. M. Mishchenko ta in. Metallurgicheskie
protsessy i oborudovanie. 2011. Ne 3. S. 35-44.

2. Chervonenko A. G., Morus V. L. Iznosostoykie dinamicheski aktivnye proseivayushchie poverkhnosti iz elastomerov dlya
razdeleniya sypuchikh materialov i pul'p. Trudy || Mezhdunarodnogo simpoziuma po mekhani-ke elastomerov. Dnipro, 1997.
T.1. S. 296-310.

3. Zasel'skiy V. I, Zaytsev G. L., Kitach E. I. Promyshlennye issledovaniya raboty rezoniruyushchikh proseivayushchikh
poverkhnostey. Teoriya i praktika metallurgii. 2009. Ne 5-6. S. 15-18.

4. Kinematics characteristics of the vibrating screen with rigid-flexible screen rod and the behavior of moist coal particles during
the dry deep screening process / H. Jiang et al. Powder technology. 2017. Vol. 319. P. 92-101. DOI: https://doi.org/10.1016
/j.powtec.2017.06.036.

39


https://www.rhewum.com/en
https://doi.org/10.3390/sym12101644
https://doi.org/10.1016/j.ymssp.2020.106619
https://www.heiligmixers.com/products/screening-machine/vibrating-screen/
http://kroosh.com/ru/tehnologiya
https://www.binder-co.com/1124/Resonance-Screens#Basic-Info

JITeopis i NPaKmMuKg Memarypeii wa

40

10.
11.

12.
13.
14.

15.
16.

o %% ¢ ISSN 1028-2335 Ne4, 2023

Udoskonalennia obladnannia ta protsesiv vuhlepidhotovky i koksosortu-vannia metalurhiinoho vyrobnytstva: monohrafiia/ V. Y.
Zaselskyi, D. V. Popolov ta in. Kryvyi Rih: Literiia, 2019. 203 s.

Screening machines &  screeners [l Siebmaschinenhersteller Nr.1- RHEWUM GmbH: [Website].
URL: https://www.rhewum.com/en (gata 3sepHeHHs:: 01.04.2022).

Research on Static and Dynamic Characteristics of Shear Spring of the Vibrating Flip-Flow Screen / G. Zhao et al. Symmetry.
2020. Vol. 12, no. 10. P. 1644. DOI: https://doi.org/10.3390/sym12101644.

Gong S., Oberst S., Wang X. An experimentally validated rubber shear spring model for vibrating flip-flow screens. Mechanical
Systems and Signal Processing. 2020. Vol. 139. P. 106619. DOI: https://doi.org/10.1016/j.ymssp.2020.106619.

Vibrating  screen for solids and liguids - Heilig Mixing Technology. Heilig  Mixing  Technology.
URL: https://www.heiligmixers.com/products/screening-machine/vibrating-screen/ (aata 3sepHeHHs: 09.04.2022).
Tekhnologiya Kroosh. Multifrequencyequipment. Kroosh Tecnologies Ltd. URL: http://kroosh.com/ru/tehnologiya (data
zvernennya: 17.04.2022).

Chervonenko A. G., Morus V. L. Iznosostoykie dinamicheski aktivhye proseivayushchie poverkhnosti iz elastomerov dlya
razdeleniya sypuchikh materialov i pul'p. Trudy Il Mezhdunarodnogo simpoziuma po mekhani-ke elastomerov. Dnipro, 1997.
T.1. S. 296-310.

Nadutyy V. P., Gol'din A. A., Pogrebizhenskiy G. A. Ispol'zovanie re-zoniruyushchikh lentochno-strunnykh sit v konstruktsiyakh
vibratsionnykh grokhotov. Koks i khimiya. 1991. Ne 8. S. 27-28.

Polichastotni hrokhoty dlia tonkoi klasyfikatsii i znevodnennia podribnenykh uranovykh rud ta vidkhodiv yikh pererobky / V. H.
Shevchenko ta in. Heotekhnichna mekhanika. 2017. Ne 137. S. 80-92.

Resonance screens. Binder+Co. URL: https://www.binder-co.com/1124/Resonance-Screens#Basic-Info (data zvernennia:
16.04.2022).

Tsasiuk V. V. Teoretychna mekhanika: navch. posib. Kyiv: Tsentr navch. lit., 2004. 402 s.

Tsysarzh V. V., Marusyk R. Y. Matematycheskye metodbl kompiuternoi hrafyky. Kyev: Fakt, 2004. 464 s.


https://www.rhewum.com/en
https://doi.org/10.3390/sym12101644
https://doi.org/10.1016/j.ymssp.2020.106619
https://www.heiligmixers.com/products/screening-machine/vibrating-screen/

ISSN 1028-2335 & i i

Ned, 2023

YOK 621.774.35:621.771.22.047

JIleopis i NPaKMUKg Memarypeii

BaaakiHn B. ®., Cmaceeacwvkuii C. JI., Yepiomos 0. /I., baaraxanoea T. B., Yepiomos /. I0.
MetaJso30epiraroua TeXHo0JI0Tisi BATOTOBJIEHHSI TOBCTOCTIHHUX TPYO 3
0e3nepepBHOJINTOI 3aTOTOBKHU HA MUIITPUMOBOMY CTaHI

Balakin V. F., Stasevsky S. L., Ugryumov Yu. D., Balakhanova T. V., Ugryumov D. Yu.

AHomauis. Po3arsaHymo crnocobu 3HUWXeHHs sumpam memary rnpu 8u2omossieHHi 0cobriueo moecmocmiHHUX mpyb6 3
D/S<6 3 6e3nepepeHonumMoi 3a20moeKu Ha finizpumosomy azpezami 5-12" & ymoeax AT IHTEPIMAMIT HixHb00HIrM-
poscbkuli mpybonpokam+uti 3aeo0. [lidsuwjeHull sumpamHulli KoegiyieHm memarny rnid yac rnpokamysaHHs mpy6 Ha
niniepumogomMy cmaHi 3ymosrnieHuli ocobnueocmsamMu mexHosnoeii, wo npu3godums 00 36inbWeHHs o0bpidy nepedHix
(3ampasoyHuXx) i 3a0Hix KiHuie mpy6, ki ymeoprooms niniepumosy 20m08Ky. [lpu ybomy sumpama memarny rid yac
rnpokamyeaHHsi mpy6 Ha azpezami 3 niniepumosum cmaHoMm Ha 50-100 ke Ha moHHY mpy6 suwa, HiX Ha iHWUx azpe-
eamax (3 asmomamuyHuM, besnepepeHuUM ma iH. cmaHamu). Ha ocHosi meopemuyHo20 aHasidy ma eKCcrepumeH-
marsibHUX daHux i3 3acmocysaHHsIM 0it04020 NPOMUCI08020 0bradHaHHs Byr10 8U3HAYEeHO, W0 MemodoM 2apsiHoi npo-
KamyeaHHs1 2ifib3 Y cmuKk MoxXymb 6ymu ompumai mpybu D/S<6 3 sikicHOt0 cmpyKmypoto Memarty eomosux mpyb, y
momy yuchi Ha 3a0Hix KiHUsX, Wo eidrnogidaroms niniepumositi 2onigyj. Pe3ynbmamu 00CnidxXeHHs MOXymb 6ymu eu-
Kopucmani 0nsi npokamyesaHHsi mogcmocmiHHux mpy6 3 D/S<6 wupoko2o po3mipHO20 i Mapo4HO20 copmamMeHmy Ha
ninigpumosux agpeaamax 3 MiHiMarbHOK 8UMpPamoro Memarly Ha 3ampasky i nifibeep20r108Ky.

Knro4voei cnoea: mpyba, ninizpumosull cmaH, einb3a, 3ampaska, Mibe2epaosioska, eKOHOMIs Memary, cmpykmypa
memarny, be3nepepsHoiuma 3a20moska, nikeauis

Abstract. The methods of reducing metal waste during the production of especially thick-walled pipes with D/S<6 h on a
5-12" polygrim unit at the INTERPIPE NTRP are examined. from non-recast billets. Increases the depletion coefficient
of the metal during the rolling of pipes on a plating mill due to the peculiarities of the technology, in order to increase the
shape of the front (seed) and rear ends of the pipes, which create the saws makeup head. At this rate of metal, the hour
of rolling pipes on a unit with a rolling mill is 50-100 kg per ton of pipes, lower on other units (with automatic, non-
interruptible mills). Based on theoretical analysis and experimental data from the current industrial production, it was de-
termined that the method of hot rolling of liners can be used to remove D/S<6 pipes with a clear structure from the metal
of finished pipes, including and at the rear ends, similar to the polygrimic head. The results of the investigation can be
used for rolling thick-walled pipes with D/S<6 of a wide range of sizes and grades on printing units with minimal waste of

metal into the seed and the printing head.

Key words: pipe, pilgrim installation, metal saving, pilger hot rolling clad tube, modernization, descaling.

Beryn.

3MiHa SKOCTi Ta PO3MIpHOrO COpTaMeHTy BUXIOHOT
3aroTOBKW AN BUFOTOBMEHHA Tpyb, nigBuLLEHHSA
BMMOT A0 SIKOCTi rOTOBOI NPOAYKLii, eKONOriYyHOCTi Ta
E€KOHOMIi sIKk eHepropecypciB Ta MetanosbepiraHHs y
npoLeci BUroToBneHHA Tpyb noTtpebye HoBoro nia-
Xody A0 TEXHOSOriNn, Wo Hapasi 3actocoBaHi. Ocki-
NbKM Ha OaHU Yac OyXe BaXKo BiAHOBUTWU Ta 3po-
OMTN NOBHe NepeocHalleHHss obnagHaHHA Ha nign-
pyemcTBax Ha binbLll cyyacHe, TO B KOPOTKOCTPOKO-
Bii MepPCNeKTUBI Ta y CKPYTHMX 0BGCTaBMHaxX HeoOXi-
JHO 3HaxoOuUTW HOBI LUNAXM NiABULLEHHSI SIKOCTI
npoaykuii, eKoHOMII eHepropecypciB Ta MaTepianis
TOLLO.

AHani3 HaAsBHMX AaHMX Ta NOCTaHOBKa npobne-
Mu.

Mpouec rapsa4voro ninirpMMoBOro NpokaTyBaHHS TPyo
XapaKkTepusyeTbCca 3HaYHUMK gedopmauismm (3 Ko-
ediuieHToM BUTSDKKM W o 15), wo 3abesnevye Bu-
COKWUI CTyniHb 0BpPOGKM NUTOT CTPYKTYpU BUXIGHOT
3arotoBku. Lle npouec 3aGesnedye OTpUMaHHS
TOBCTOCTIHHUX rapsiyekaTtaHux Tpy6 3Ha4HOi JOBXM-
HU (0o 15 M). AnNbTepHaTUBOIO MOMY € NuLLie NpoLec
rapsiyoro npecysaHHs. [1, 2]. MNpouec nepiognyHol
NiNirpMMoOBOI  MPOKaTKM TaKOX LUMPOKO 3aCTOCOBY-
€TbCHA NpU BUPOOHMUTBI XonogHokaTaHux Tpyo [3].
OaHMM i3 cKnagHMX MOMEHTIB € €KOHOMiA MeTany
nig 4Yac BMpOOHULTBA TOBCTOCTIHHUX Tpyb. lMpouec
ninbreprnpokatyBaHHs 6yB BigkpuTtun B 1890 p., i Ha
TOM 4yac maB Hu3ky nnocie. [lMinirpumoBuin cnocib

BMpOOHMLTBa TPYyO Mae HesanepedHy nepesary Ha-
camnepes 3a LUIMPOTOK COpPTaMEHTY ofepXyBaHWUX
Tpyb, a TakoX 3a JiaMeTpPOM i TOBLUMHOK CTiHKM, Tak
i 3a mapkamu cTtani. [4, 5]. BogHo4yac 0o Hepgonikis
uboro cnocoby BupobHuLTBa TPyO MOXHa BigHECTU
HeOCTaTHIO MPOAYKTMBHICTb MiNIrPUMOBUX CTaHiB,
NigBULLEHHY Pi3HOCTIHHICTb roTOBUX TPYO, 36inbLue-
HUA BUTpaTHWUA KoedilieHT meTany nig 4ac npoka-
TyBaHHS TOHKOCTIHHUX Tpy6 [2, 6, 7].

OcobnvBy akTyanbHicTb npobnema MopepHisauil
TEXHOIMOrMYHOro npouecy Habyrna npu nepexogi Ha
6e3nepepBHonuTi 3arotoBku (BJ13) manoro giamer-
pa (NOpiBHSAHO 3i cTalioHapHUMMK 3fMBKamu, Bianu-
TMMW Y BUMMBHULI), Ta MigBULWEHHI BUMOT OO AKOCTI
npoaykuii. BuHukna HeoOXigHiCTb TepMiHOBOro ne-
pernagy nigxony 00 TEXHOMOorii oTpuMaHHs 6e3LwoB-
HUX Tpyo.

Mpn oTpumaHHi TpyG Ha arperati 3 niNirpyMMoBMMU
cTaHaMu OCHOBHI BTpaTu MeTany nos'sa3aHi 3 KiHue-
BMM 00pi3oM y 3aTpaBky Ta ninbrepronosky. Lli Bu-
TpaTtu meTany ctaHoBnATb 6-10 % macu noyaTkoBol
3aroToBKM, MPUYOMY YacTKa BUTpAT Yy 3aTpaBKy CTa-
HOBUTb 25-27 %, a B ninbrepronosky — 83-85 %. Ta-
KMM YMHOM OCHOBHa 4acTka BTpaT MeTany Ha ninir-
PYMOBOMY CTaHi NoB's3aHa 3 06pi3oM Ninbrepronoe-
KW, K& € HEMMHYYOI NMpu LiboMy cnocobi gedopma-
L.

[pn BUKOPUCTaHHI B SIKOCTi BUXiIAHOT 3aroTOBKM 31K~
TKiB CTaLjiOHapHOI PO3NMBKM B BUITMBHULI Npobnema
3HaYHWX BTpaT MeTarny B MiNbrepronoBky He Oyna
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aKTyanbHO, OCKiSIbKM ycafoyHa AedeKkTHa YacTuHa
3NnTKa po3millyBanacs B MiNbreprosiosui, LWo Bigpi-
3aeTbcs. Y TOW caMui Yac nig Yyac BUKOPUCTAHHSA B
AKOCTi BMXiQHOT 3aroTOBKW KaTaHOro i KOBaHOro Me-
Tany ui npobnemu manu Mmicue, npoTte GinNbLWiCTb
Tpy6 npokoyyBanocs 3 3NUTKIB cTaLioHapHOT po3nu-
Bkn. OcobnmBy akTyanbHiCTb npobnema 3HWKEHHS
BTpaT MeTany B NUNbreprosioBky oTpumMana y 3B'a3-
Ky 3 Mepexo4oM CrnoyaTky Ha KBaapaTHy, a 3roqom
Ha kpyrny BJ13.

B YkpaiHi y 3B'A3Ky 3 nyckomM B ekcnnyatauito B 2012
poui IHTepnann Ctanb Ta BCi TpybonpokaTHi Lexu
KoMnaHii [HTepnann nepeBeeHi Ha ogepXXaHHsi Tpyo
3 kpyrnoi BJ13. Lisa nogis gana 3mory icToTHO nonin-
LWIMTW EKONOriYHy CuTyauito, a Takox 3abeaneunno
BMPOOHMLTBO TPYO Ha BCiX arperatax KomnaHii IHTe-
pnann i3 kpyrnoi bJ13 giametpom go 500 mm i3 Byr-
neueBuXx Ta HU3bKONEroBaHUX Mapok crani , Wo Bu-
KOPUCTOBYETbCA SIK AN BUPOOHMLTBA rapsidekaTa-
HMX Tpyb, Tak i Konic Ta OCen 3ani3HNWYHOro TpPaHC-
nopTy.

BI13 kpyrnoro nonepeyvHoro nepepisy mMae 3Ha4HO
Kpallly SKICTb MOPIBHAHO 3i 3NIMTKOM, BigIMTUM Yy BU-
TIMBHULI, 3aBOSKN 3HWXKEHHIO JiKBaLii XiMiYHUX ene-
MEHTIB i 3HMXEHHIO HEepPiBHOMIPHOCTI MeXaHi4yHuX
BI1ACTUBOCTEN MO [JOBXMWHi 3aroTOBKWU. Y TOW camMmun
yac ocobnumeicTio kpyrnoi BJ13 € HasBHICTb 0CbOBOI
PWXMOCTi, WO MOB'A3aHO 3 ymMoOBaMu (QOPMYBaHHS
CTPYKTYpu MeTany B Kpyrmomy KpucrtanisaTopi nig
Yyac 6e3nepepBHOI po3nuBeku [6, 8].

Ha cborogHi TexHonoriss BupobHuuTBa Tpy6 Aiamet-
pom 168-426 mm Ha ninirpymoBomy arperati 5-12"
HT3 3gincHioetbea 3 kpyrnoi b3 giameTtpom 380-
470 mm, BupobneHoi Ha IHTepnann CTanb 3a Takow
TEXHOSIOri€l0. HarpiBaHHS B KifnbLEBIN nedvi o TeM-
nepatypu rapsdoi gedopmadii, BUOaneHHa okanu-
HW, 3aroTOBKM MPOLUMBAOTLCS B CTaKaHi Ha ropuso-
HTanbHOMY rigpasniyHomy npeci sycunnam 20 MH, a

a

o %% ¢ ISSN 1028-2335 Ne4, 2023

noTiM, Nicnsa nigirpiBy B KiNbLEBIN Nevi, CTakaHu pos-
KaTyloTbCsl Ha KOCOBAarikOBOMY CTaHi-efloHraTopi B
rinb3y 3 npowmekolo geHud. lMoTiM rinb3n nepena-
IOTbCA Ha AiNAHKY M03acTaHOBOIO 3aBaHTaXXEHHS,
e 30iNCHI0ETLCA BUAYBKa OKanuHW 3 HUX i 3apsiaka
popeH. lNnb3a 3 JOpHOM MNepenarTbCs Ha OAWH i3
OBOX MiNIrpMMoBMX CTaHIB, Ae 3a AOMNOMOrow noaa-
BanbHOro anaparty po3KaTyloTb [ifb3y Ha [AOpHI
npoiNbHMMK BankamMmm B YOpPHOBY TpyBy OOBXUHOO
12-36 M. 3a NMNUrpMMOBOLO KNITTIO po3KaT po3aing-
I0Tb Ha MipHi YacTuHK i Bigpi3aloTb NepeaHin KiHelb
(3aTpaBky) i 3agHin KiHeub (ninbrepronosky). Micns
nigirpisy B nedvi 3 nepecyBHMMn 6ankammn Tpyou ka-
nibpyoTbCa 3a 30BHILLIHIM AiaMeTpOM Ha OOHOMY 3
OBOX KaniopyBanbHUX cTaHiB. [licna oxonomXkeHHs
TpyOM NpoxogsATb MpaBKy Ha OQHOMY 3 ABOX MpaBu-
NbHUX CTaHIB i HAAXoAATb Ha AinsHKy o6pobku rna-
Aknx Tpyb abo Ha obcagHy AiNsiHKy.

lMpy oTpMMaHHi LLUMPOKOro copTameHTy Tpyb 3a To-
BLUMHOIO CTiHKN KOEMILIEHTN BUTSXKKM Ha Ninirpumo-
BOMY CTaHi 3MiHIOIOTbCS B LUMPOKMX Mexax ps=2.8-
15.0. MNig 4Yac npokaTyBaHHSA nepegHix (3aTpaBoy-
HMX) KiHUiB TPYy0 3a BiACYTHOCTI «>KOPCTKOMO KiHUSA» 3i
306inbleHHAM ps 36inbLyeTbCs 00pi3 3aTpaBOYHNX
KiHUiB. TOMY HanbBINbLWNA pe3epB 3HWKEHHSA 00pi3y
nepegHix KiHUiB Mae Micue nig 4Yac BUrOTOBJSIEHHS
TOHKOCTIHHUX | 0COBNMBO TOHKOCTIHHUX TPYO [9].
LLnsaxu 3HMKeHHs1 obpi3i 3aTpaBOYHUX KiHUIB TpyO
po3rnsaHyTi B poboTax [9, 10]. OTpumaHun Ha ninir-
piMOBOMY CTaHi 3 rinNb3u poskaT cknagaeTbcs 3 oc-
HOBHOI 4acTuMHM 1, OOBXWHA siKOi LT, € CymMOI Mip-
HUX (KpaTHWX) YaCTWUH, 3aTPaBOYHOrO KiHUA 2, OOB-
XuHoto Ls; i ninirpimoBoi ronoBkn 3, JOBXWMHOW Lr
(puc. 1, a). MinirpimoBa ronoBka CKNagaeTbcs 3 He-
pokaty 4, npodinbHOi YacTnHu 5 i ginsgHkn Tpybu 6
(puc. 1, 6)
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PucyHok 1. — Po3kaT Ha ninbrepctaHi (a) i cknagosi YacTMHKU ninbrepronoskn (6): 1 — OCHOBHA YacTuHa
(npupatHa Tpyba), 2 — 3aTpaBka, 3 — Ninbrepronoeka, 4 — Hegokar rinban, 5 — npodinbHa YacTuHa, 6 — gins-

Hka Tpybu

HacborogHi ogHum 3 e(*)eKTVIBHMX METOAIB 3HUXKXEHHS BUTpaT MeTany B ninbrepronoaky € NnpokKaTtyBaHHA ri-

nb3 Yy CTUK (puc. 2) [11].
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PucyHok 2 — lNocnigoBHICTb po3kayvyBaHHA CTUKY rinb3: 1 — nonepenHs rinb3a, 2 — HacTynHa rinb3a, 3 —

OOpPH, 4 — Banok

MeTopq npokaTyBaHHS riflb3 Y CTUK Nonsdrae B nocnii-
AOBHIN CTMKOBLj Ha OOPHI HefoOKaTaHoIl rifb3un i Ha-
cTynHoi rinb3u. Micns aedopmauii Tpybn Ha AOpHI
3anuIaeTbCa HegoKaTaHUM 3adHil KiHeub Trinb3u.
MoTiM QOpH BUTArYIOTb 3 PO3KaTy | NogalTb HacTyn-
HY FiNb3y Ha HOBOMY JOPHI, Ky CTUKYIOTb 3 TopLeM
nonepeaHbOI rinb3v, 3 NoganbLlliM po3kaTyBaHHSAM
ninirpumoBoi ronosku. Mpu uboMy ninirpumoBa ro-
foOBKa MOBHICTIO PO3KaTYETbLCH, a 3a4HiN KiHeub Tpy-
O 06pi3zaeTbes Ha JoBxuHI 60-80 Mm.

MMicns 3akiHYeHHS NpokaTyBaHHS nepLuoi Tpybu nig-
HiMalOTb BEPXHIN Banok, BUTAralTb i 3aMiHIOOTb
JOpH. TpyOy Mpu UbOMY HeE BiABOASATb POMbraHroMm,
a 3anvwarTb y Bankax, a B NpuiAManbHuiA xonob
ninbrepctaHa nodawTb riNb3y Ans NpoKaTyBaHHA
iHWwoi Tpybu, notiMm gOpH BBOAATL B riNb3y, a Moro
nepegHin kiHeub — B nepuwy Tpyby (Mpu nosacTtaHo-
Bill 3apsAaUi Ha NinbrepctaH NoAaloTh rifb3y pasom 3
AopHom). MNpu ubomy BigbyBaeTbCA CTUKYBaHHS Mne-
peaHboro Topus rinb3n 3 3agHiM Topuem nepLloi
Tpyom.

Baxnueow ocobnueicTe mMeTody NPOKaTKU rinb3 Yy
CTUK € TOW hakT, Wo 3abe3nevyeTbca be3gedekTHa
npokaTka nepeaHix i 3agHix KiHUIB rinb3, WO CTUKY-
H0TbCS, OOCAraeTbCa MiHiManbHa obpi3 KiHUiB Tpyo
(~50-80 mm). Mpu uboMy nNepegHin KiHeub nepLlol
rinb3n B napTii (NNaBLi) NnpokaTyeTbca 3a AeLlo iH-
LWKMX YMOB (MOBHOI BiACYTHOCTI «KOPCTKOIO KiHLS»),
a po3KaTKy 3aHbOrO KiHLs1 OCTaHHbOI FiNb3n B NapTil
30INCHIOITL METOAOM PO3KaTKM Ha BinbHIN OiNAHUi
gopHa. OTpumaHHsa HeobXigHUX MexaHiYHuX Brac-
TMBOCTEN roToBMXx Tpyb, wo npokatytoTecs 3 BJI3,
3anexvTb Big CTyneHs Mnpopobku NUTOI CTPYKTypu
BUXiAHOI 3arOoTOBKMW, WO XapakTepusyeTbCa cymap-
Tabnvusa 1 — Oedektn cTpykTypy BN3

HOI BUTSKKOIKO Hacamnepes Ha ninirpuMmoBOMYy CTaHi
[7]. MNig 4ac npokaTkum TOHKOCTIHHMX Tpybo (D/S
=12,5-40) Ha ninirpumMoBOMY CTaHi 3 koediuieHTamn
BUTSKKN U=9-15, sk 3a3Havanocs Bulle, 3abesnevy-
€TbCHA [OCTaTHE onpautoBaHHA BUXIgHOT NWTOI 3aro-
TOBKW (3nuTkiB i BJ13).

BogHoyac npw OTpMMaHHi TOBCTOCTIHHUX Tpy©6
(D/S=6,0-12.5) i ocobnuBo TOBCTOCTIHHUX TpPyO
(D/S<6) 3Ha4YeHHs CymMapHUX BUTSXKOK CTaHOBMATb
2,5-12, Wo 3yMOBMIOE B OKpEMMUX BUMagkax npose-
OEHHSA [oOaTKOBMX AOCHIOKEHb AKOCTI CTPYKTYPW i
BMacTMBOCTEN rOTOBOrO NpoKaTy 4yepe3 HeJocTaTHE
onpawoBaHHs BUXiQHOI NNTOT 3aroTOBKU.

Ha nigctaBi npoBegeHoOro aHanisy BigoMux meToAis
mMeTolo poboTu Oyno ekcnepMMeHTanbHe Jochi-
[PKEHHS 3MEHLLEHHS BTpaT MeTany Ha ninirpMMoBo-
My CTaHi B 3aTpaBKy i MiNbrepronioBky Ans 34iNCHeH-
HA npokaTkm Tpyb 3 D/S<6 cnocobom npokaTku ri-
Nb3n y CTUK i3 3ab6e3nevyeHHsIM OTPUMAaHHA SKICHOT

MeTanonpoaykuii..
MeToauka pocnigXeHHs
Mpn npoBedeHHi gocnigHoi  npokaTkn  Tpy6

DxS=203x45 MM B sKOCTi BUXigHOro marepiany Bu-
kopucrtosyBanacsa bJ13 giametpom 385 mm 3i crani
45 BupobHuuTtBa IHTepnavn Cranb, ska Oyna Bu-
nnasneHa y Ayrosiv enekTpocTanennaBunbHiv nevi i
po3nuTa Ha MallVHi 6e3nepeBHOro NUTTS 3aroTOBKMU.
TexHonoriss npokaTtku BigbysBanacsa 3a BuLeo3Hade-
HOIO CXEeMOI0.

AHani3 oTpumaHux pesynbTaTiB

3righo TY Y 27.1-05757883-212:2011 ponycTtumi
OedeKkTn MakpoCTPYKTYpW He NOBUHHI NepeBuLLyBa-
TN 3HA4Y€eHb, 3a3Ha4YeHNX B Tabnumui 1.

JedeKkTn MakpocTpyKTypu, 6an
TpiwmHn TlikBaLiHi KpainoBa TOuYKO- | XimiyHa  Heogn-
OcboBa OcboBa . CMYXKU n . L B
. . . OCbOBOI . Ba HeoAHopia- | HopigHicTb (CBI-
NOPUCTICTb | NikBaUis TPILLMHN 3a | .
30HU . HiCTb Tna cmyra)
nepepiaom
CepegHin
MnokKasHukK no | 2,12 1,75 0,375 0 0 0
4 3aroToBKax
Hopma 3ria-
HO BumMmor TY
Y 27.1- | 2,0 2,0 1,0 1,0 1,0 1,0
05757883-
212:2011
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HocnigpxyBanu MakpocTpykTypy BuxigHoi BJI3 Ha
nonepeyHnx Temnnerax Bi4 YOTUPbOX 3aroTOBOK
OAHIEl NNaBKW, cepeHi NOKa3HNKM HaBedeHO B Tab-
nvui 1. OocnipkeHHs makpocTpyktypu BI13 Bussuno
CTPYKTYPHi 30HM, WO BiAPI3HAOTLCA Pi3HUM CTyne-
HEeM PO3BUTKY, MPOTSDKHICTIO, @ TakoX POpMOlIo i po-
3mipamu kpuctanie. Ctpyktypa BJI3 BigpisHsaeTbea
HEeOAHOPIQHICTIO, WO BNacTMea LpbOMY BuAy 3aroTo-
BOK. BigsHavaeTbcs BiACYTHICTb yCagovyHOI pakoBu-
HW, po3LlapyBaHHs, 3aBOPOTIB KOPOK, ra3oBux Oyrb-
0alloK i TPILWMH, CTOPOHHIX HEMETaneBuXx i LUSaKo-

PucyHok 3. — MakpocTpykTtypa TemnneTy BJ13 Ne 1

OcobnuBo TOBCTOCTIHHI Tpybn 3 D/S<6 3acTtocoBsy-
I0TbCA B MalUMHOOYAyBaHHI B SIKOCTi MOPOXHUCTMX
3aroToBOK Ans geTanen pisHoro obnagHaHHsa [13].
Bupo6HuuTBO TpYO AN MawmHOOyayBaHHA 3AiNc-
HioeTbea no OCTY 8941:2019, ACTY EN 10297-
1:2022, ACTY 8938:2019 i TexHi4HMX cneumdpikaLin
3aMOBHUKIB. AK npaBuno, Taki Tpybu, ski BUKOpUC-
TOBYIOTbCHA B MalmHObyayBaHHI, NigaanTbCsa Mexa-
HiYHI 06poOBLUi 3 30BHILLIHBOI i BHYTPILLIHBOI NOBEPX-
Hi.

Bigomo, wo ansa rmmbokoro onpautoBaHHs CTPYKTYpU
nutoro metany B Tomy yuchi i BJ13 Hanbinbw edek-
TUBHMI MINIrPUMOBUIA CMOCIO, 3 MOro 3Ha4YHUMKU Cy-
MapHUMU gedopMaLigMmn Npu NpokaTyBaHHi TOHKOC-
TiHHUX Tpy6 (D/S=12,5-40), wo gocdaratioTe 3Ha4YeHb
36-40. NMpun ogepkaHHi ToBCTOCTiIHHUX (D/S=6-12,5) i
0cobnmMBo TOBCTOCTIHHMX Tpy6 (D/S<6) nutaHHA
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BUX BKMoYeHb. MakpocTpyktypa BJ13 Ha nonepeu-
HMX 3paskax 3aJ0BOfIbHSAE BMMOram BuLLIE3ragaHoro
TY (puc. 3).

Ockinbkn NiABULLEHHSI OCbOBOI NMOPUCTOCTI OKPEMMX
3aroTOBOK MOXe MPWU3BOAMTW A0 36inblUeHHsI nieH
Ha BHYTPILLHi/ NOBEPXHi roToBMX TpyO, TOMY MOCTIil-
He nigBuweHHs skocTi BJ13 | 3abe3neyeHHs ii cTabi-
NbHO BWCOKOTO PIiBHA € HanBaXXnMBILLMM (PakTopom
3abe3neyveHHs HeObXigHOI AKOCTi roToBOi NpoayKuii
[12].

OTPUMaHHS sKicHUX Tpyb 3 HegedopmosaHoi BJI3
KpYrnoro nornepeyHoro nepepidy BMBYEHi HegoCTaT-
HbO [12].

B uin poboTi gocnigkeHo sdkicTb Tpy® poamipom
DxS=203x45 mm 3i ctani 45, Ha TIMA 5-12" 3a Tex-
Honorieto Kanbmeca, nNpu SKin rinb3y oTpUMyoTb No-
CNiJOBHO HA rOpPU30OHTaNbHOMY MPOLUNMBHOMY MPECi i
pO3KaTyBaHHI CTakaHy Ha efoHraTopi 3 NPOLLMBKOO
AeHus.

Ons npokaTyBaHHA Tpy6 po3mipom DxS=203x45 mm
Ha TMA 5-12" cneuianictamu nignpvemcrtea Gyna
po3pobneHa TexHonoriss oTpumaHHa Tpyo 3 B3 O
385 Mm. Cxema Ta OCHOBHi XapakTepuUCTUKM HaBe-
AeHo y Tabnuui 2. CymapHui koedilieHT BUTSKKM
npw NpokKaTyBaHHi ckNae Y = un X pe X pn.c = 5.12.

Tabnuusa 2 — TexHonoris oTpumanHsa Tpy6 DxS=203%x45 mm 3 BJ13 @ 385 mm.

ETan TexHonori4yHoro naHuoxka

XapakTepucTuky, ae Y — koedilieHT BUTSXKKN

1. Mpowmeka Ha nNpeci NPOLLUMBHUM NyaH-
COHOM

@ ronoekn 160 mm
Po3smipu ctakaHy: Dc = 390 mm, Sc = 115MMm, koedillieHT BUTS-
XKW U = 1.17

2. lNpokaTyBaHHS Ha eroHraTopi

OnpaBka @ 127,5 mm, pe = 1.6.
Po3wmipu rine3u Dr = 310 mm, Sr = 94 mm

3. MNMpokaTyBaHHs Ha ninrepcraHi

Mnec = 2.74
Mopaya m = 46,4 mm

B npoueci aecdopmauii BJ1I3 Ha npowmnBHOMY npeci
3yCUnNAM PI3HOCTIHHICTE CTakaHy Ha Woro nepea-
HbOMY KiHUi cknana 10 mm, a y camoro aeHus — 37
MM (puc. 4). lMigBuLLeHa pi3HOCTIHHICTbL CTakaHy Bia-
HOCUTLCS A0 AedEKTIB NPOKATHOr0 NOXOMXKEHHS | Ha
HacTynHWx etanax gedopmalii BoHa TpaHchopmy-
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€TbCs B NiABWLEHY Pi3HOCTIHHICTb rinb3 i Tpy6, 36i-
NbLUYHOYM iX BigOpaKkoByBaHHSI.

OCHOBHUMM NpUYMHaAMK MiOBULLEHOT Pi3HOCTIHHOCTI
CTakaHiB Ha Npeci € HacCTyNHi: BiACYTHICTb CNiBBICHO-
CTi MPOLUMBHOrO MyaHCOHa LoA0 OCi MaTpuui; HasaB-
HICTb 3a30py MiX 3aroTOBKOIO i Matpuueto; 3HOC Ha-
NpaBnsAYoi BTYMKW MPOLIMBHOIO MyaHCOHa; Heao-
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MeTa-

ctratHe abo HepiBHOMIpHE HarpiBaHHS
ny;aHi3oTponiss BfacTMBOCTEN | OCbOBa nikBauis
BJ13. NpoBeaeHO aHani3 30BHILLHBOI Ta BHYTPILUHLOI
NoBepXHi cTakaHy (puc. 4).

BcTaHOBMNEHO, WO Ha 30BHILWHIA NOBEPXHiI BUAHO
cnign xutaHHA kpuctanizatopa MBJ13; Ha noBepxHi

JIleopis i NPaKMUKg Memarypeii

[Ha CTakaHy € BOPOHKOMOAibHe nornubneHHsa (yTsa-
XWMHA); Ha BHYTPILUHIN NOBEPXHi CTakaHy € NO340BX-
Hi PUCKM, LLO NEepexoaaTb Mo AHY CTakaHy B npoau-
pw, LLO € HaCMiAKOM 3HOCY FOfIOBKM MPOLUUBHOTO My-
aHcoHa npeca; 6ina gHa cTakaHy B MOro AeHui €
rpy6i pakoBuHM.

PucyHok 4. — To380BxXHIN nepepi3 ctakaHy B panoHi geHusa npy npowusli BJI3 Ha ropnsoHTansHOMy npeci

20 MH

Mo poBXWHI CcTakaHa CTpykTypa metany 6inbw oa-
HopigHa. [pu LbOMY MO 30BHILLUHBOMY KOHTYPY CTpY-
KTypa metany Oinbl OAHOpigHA, HiK MO BHYTPIL-
HbOMY KOHTYpY, LUO MOSACHIOETLCS PI3HULE B CTY-
neHi gedopmadii npy NpoLMBLI CTakaHy Ha npeci.
Ha nonepeyHnx TemnneTtax cTakaHy BiA3Ha4yaeTbCs
BiAMIHHICTb CTPYKTYPU i BEMUYUHWN 3epHA NO KOHTY-
py. lMicna poskouyyBaHHSA CTakaHy Ha enoHraTopi 3
NPOLUMBKOK AEHUSA Pi3HOCTIHHICTb Fifb3 3HM3MNacA
Mamke B 3 pasn. BigsHavyaloTbcs BigMIHHOCTI B
CTPYKTYpPi 30BHILLUHLOrO i BHYTPILLIHBOIO KOHTYPIB Ti-
nb3n. BHyTpIWHI Wwapw BurnagawTb Sk 6u «wapysa-
TMM NMPOroM», NPW LbOMY LUapW LWiNbHO npunsra-

a
PucyHok 5. — Tpyba DxS=203 x 45 mm nicnsi npokaTyBaHHs
nepegHin KiHeub

I0Tb OOUH A0 opHoro. [Mpy KocoBamnkoBin poskaTty-
BaHHi Ha enoHraTopi B 6inbLoCTi BUNaakis Biabysa-
€TbCH 3aBaploBaHHSA NPOAMPIB i IHWNX AedeEKTIB Me-
Tana. MNopokn NOBEpxHi riNb3 NepeTBOPIOTLCA Ha
Tpybax B 30BHIlUHi i BHYTPILWHI NneHu, Wo Bede 0o
[04aTKOBUX BUTPaT Ha PEMOHT i 3binbLueHHs o6pisy
TpyoO.

MpokaTKy rinb3 3aincHIoBanNM Ha ninbrepcraHi MeTo-
OOM y CTUK ©e3 yTBOPIOBAHHS MiNbreprosioBk/ 3a
paxyHoK Ti MOBHOro po3kauyyBaHHS. Bua 3agHbLoro i
nepegHbOro KiHUiB npokataHux Tpyb HasedeHi Ha
PUCYHKY 5, @ Ha PUCYHKY 6 — TeMnneTn NnepeaHboro i
3a4HbOrO KiHLiB Tpyon.

6

Ha ninirpuMoBOMY CTaHi: a — 3agHil KiHeub, 6 —
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PucyHok 6. — 3oBHiLWHIN BuA TeMmnneTiB Tpyom DxS=203%x45 mm: a — nepeHin KiHelb, 6 — 3agHiN KiHeUb

OpHum 3 MeTofiB BMNpOOYyBaHb, Npen'siBNeHux Oo
Tpy6-3aroToBOK Ansl Nogdanblioi MexaHiyHoi 06pob-
KW, € KOHTPOSMb MakpoCTPYKTypu. Ha Bumory cnoxm-
Baya raps4vonedopmoBaHi Tpybu 3 TOBLUMHOK CTiH-
Kn Oinble 12 MM NepeBipsitoTb HA MaKPOCTPYKTYpY.
Mpn uboMy He MOBMHHI OYyTK BUSIBNEHI cnign ycaga-
KOBOI PaKOBWHW, MOPOXHEeYi, TpiwmHK, Oynbballukm
Ta iHwWi Baan, Bugumi 6e3 cneuianbHMX npunagis.
MakpocCTpykTypy MeTany KOHTpOmMtoBanuM npoTpas-
NEHHsIM cneuianbHO NIArOTOBNEHNX 3pas3kiB B PO3-
YnHi kucnoT. OuiHky MakpoTemnneTiB i 3namis npo-
BOAWMNW OrNsgoM HEO30POEHNM OKOM. [ns yTOYHEH-
HA Knacudikauii gedekTiB gonyckaeTbCs 3acToco-
ByBaTW [OBOX-4OTUPbOXpa3oBe 36inblueHHA (3rigHo
OCTY 8975:2019).

B pesynbTaTi gocnigxeHb BCTAaHOBMEHO, LLO SAKICTb
BuxigHoi BJ13 y 3abe3nevye oTpMMaHHs Tpyo po3mi-
pom 203x45 mm (D/S<6) 3i cTani 45 3 3a40BifnbHO
AKICTIO 3agHix | nepedHix KiHUiB Tpyb mig yac npo-
KaTku y CTMK ©e3 MinbrepronoBky, WO 3HWXKYE BU-
TpaTHUI KoedilieHT meTany .

Y MakpoCTpyKTypi nepeaHboro i 3agHbOro KiHuiB
TpyOu Big3HavaTbCs cnabo BupaxeHi Agi obnacri.
Y CTPYKTYpi Neplol 3 HUX, LUMPUHA AKOI CTaHOBUTb
0o 15 MM, € nikBauia — TEMHI TOHKI npoLlapkn pos-
Mipom 2...3 MM. JlikBauia xapakrtepusyeTbcsa nigBu-
LWEeHMM BMICTOM NepniTy i HemeTaneBnx BKIMOYEHb,
AKi Nig BNWBOM HaBaHTaXeHb MOXYTb CMPUATW MO-
SBi po3LlapyBaHb i TPILLMH, WO 3HUXKYOTb MeXaHidHi
BnactmeocTi Tpyb6. OgHak y Tpybax, oTpumMaHux 3i
BCiX 3aroToBOK (Tabn. 1) KpuTU4HUX OedekTiB He
BUSIBIIEHO.

PekomeHpauii Woao BAOCKOHANEHHA TexXHosnorii
oTpuMaHHA Tpy6 3 D/S<6 Ha TNA 5-12".

Y 3B'dA3Ky 3 NiABULLEHOIO PI3HOCTIHHICTIO CTakaHiB Ha
npeci Npu oTpMMaHHi Tpyb6 Mamnoro giameTpy 3 TOB-
LMHOK CTiHKK 45 MM i Ginble i, 9k Hacnigok, nig-
BUWLLEHOI PIi3HOCTIHHICTIO TiNb3 i rotoBux Tpyb 3a
JouinbHe € 3MiHa TexHonorii B pe3ynbTaTi nepexoay
Ha MpsMy NPOLUMBKY Tinb3 Ans Tpyo gaHoro copta-
MEHTY, OJ18 YOoro HeobXiaHO 34iCHIOBATU MpUCKOpe-
Hy mogadvy 3aroTOBKM Bi HarpisanbHOI neyi 4o cra-
Hy-enoHraTopy, Ha SKOMy BCTaHOBWUTU LIEHTpOBadi
CTPWKHSA OMpaBKW i Tinb3n, a Takox 3abe3neuntn
CMiBBICHICTb OCi CTaHy i OCi NPOLLMBKMN.
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Mpn npokaTyBaHHI riNb3 Ha MiNbrepctaHi eKoHoMid
MeTarny 3a paxyHOK NOBHOro pPO3KOYyBaHHSA ninbrep-
ronoekn cknage 152,9 kr (6e3 ypaxyBaHHsi obpisy
3a4HbOro KiHUA Tpy6u). Kpim Toro, npokaTka rinb3 y
CTUK 30inblUye KOPUCHY OOBXWHY TpyOuW 3a paxyHOK
3MEHLUEHHS 3aTPaBOYHOIO KiHLS.

Ona nigBuwieHHs TovHocTi Tpyb Ha TIMA 5-12" oge-
pXyBaHuX 3 rinb3 3a cxemot Kanbmeca (npec-
€rloHraTop) 3anponoHOBAHO Kiflbka HOBUX TEXHOMO-
riyHmMx piweHb. lNMepwa TexHonoris nepepbayae Ha
NPOLUMBHOMY Mpeci 3MmiHy kanibpyBaHHs poboyoi
NOBEPXHi MaTpuui Ta 3MEHLWEHHSA rMUBMHU NpoLKn-
BaHHA OTBOPY 3 nodanblUuM 3anuKOBMM MNpPOLUK-
BaHHAM [eHLS Ha KOCOBAariKOBOMY CTaHi-erloHraTopi
[14]. TexHonoria nokpallye LeHTpyBaHHS 3aroTOBKM
B MaTpuui npeca Ta 3HWXYE OCbOBE 3yCUIns Ha
NPOLUMBHUIA NYaHCOH Y KiHLi npoueca. Opyra TexHo-
noria nepepbayae HPOPMYBaHHS KOHIYHOI MOBEPXHi
3arotoBku 6ind geHusd B npoueci NpPOoLMBaHHA Ha
npeci 3a paxyHOK 3MiHM kanibpyBaHHA pobo4oi no-
BEpXHi MaTpuui 3 nofdanblnM 3aBAaHHSAM CTakaHy Y
Barku CTaHy enoHratopa 300Ky AeHus cTakaHa [15].
TexHonorisa 3HWXye PI3HOCTIHHICTL NepefHboro KiH-
LS rinb3n 3a paxyHoOK MoninweHHsS yMOBU MOro pos-
KaTKku Bankamu Ha onpasui. TpeTsa TexHonorisa ne-
penbayae Hackpi3Hy MpPOLUMBKY 3aroTOBKW Ha Mpo-
wmrBHOMY npeci (6e3 geHus). Onsa 3QiACHEHHA Ha-
CKpIi3HOT NPOLUMBKN NOPOXHUCTOT 3aroTOBKW Ha NpeECi
3HiMaloTb Nignip Ha 3afHi Topeub 3aroTOBKWU, Ha-
npvknag, nepemilleHHsM OMOPHOro nyaHcoHa B Ha-
NPsSMi NPOLUMBKKU i NPOLLMBaAOTL AeHLE NPOLUUBHUM
nyaHcoHom [16]. HoBa TexHonoris gae amory ornepa-
TMBHO KOHTpOIOBaTN N ycyBaTu MiABULLEHY Pi3HOC-
TIHHICTb MOPOXHUCTOI 3arOTOBKM Ha MpecCi, Wo Mae
HanbinNbLUe 3Ha4YeHHs Bins 1i 3aAHbOro KiHUS.
BucHoBku:

MigBuLLEeHUn BUTpaTHWUIA KoedilieHT MeTany nia yac
npokaTtku Tpyb Ha MinirpMMOBOMY CTaHi 3yMOBIEHUI
ocobnmnBocTsaAMM TexHonoril, Wo npu3soanTb o 306i-
NblUEHHs1 0bpi3y nepenHix (3aTpaBOYHMX) i 3agHix
KiHUiB Tpyb, SKi yTBOPIOOTbL MiNIrPUMOBY FOMOBKY.
Mpu ubomy BUTpaTa MeTany nig Yyac nNpokaTku Tpyo
Ha arperarTi 3 ninirpumoBum ctaHoMm Ha 50-100 kr Ha
TOHHY Tpy6 BMLA, HXX Ha iHWKWX arperatax (3 aBTO-
MaTudHMM, 6e3nepepBHM Ta iH. CTaHaMN).
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BukoHaHi gocnimkeHHsa Ha TIMA 5-12" HT3 gedop-
MOBaHOCTI CTpykTypyn BJ13, WO BMKOPUCTOBYETbLCS
nig Yac npokaTtkn Tpyd6 DxS=203x45 mm 3 D/S<6, i
BCTa@HOBIIEHO, WO 3a CyMapHOI BUTSXUIi 5,12, po3ka-
TaHi nepefHi i 3agHi KiHUi Tpy® mMaloTb 3a40BiNbHY
AKICTb.

JIleopis i NPaKMUKg Memarypeii

BukopucTtaHHa meTody nNpokaTku Finb3w y CTUK Ansi
Tpy6 DxS=203x45 mm (cTanb 45) 3 BJ13 giameTtpom
385 MM 3abesnevye 3HMXKEHHA Macu ob6pidy Ha
152,9 Kr 3a paxyHOK NOBHOro po3KadyBaHHSA ninirpi-
MOBOI ronoBkmn (6e3 ypaxyBaHHS HeobxigHoro goaa-
TKOBOro 06pi3y 3aaHix KiHuiB Tpy® aosxuHowo 50 - 80

MM).
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TepmoauHaMu4HUIl aHAJI3 MarHierepMmii B po31mJjiasi cojieil NIpu BU-

POOHIUTBI TUTAHY
Mikola Kolbin, Volodymyr Ihnatiev, Artem Holovachov, Yaroslav Yaroshenko, Losev
Ruslan.

Thermodynamic analysis of magnesiothermy in a salt melt during ti-
tanium production

Mema daHoi pobomu npopaxyeamu 3a Ooriomozoto npoepamu HSC 3miHy mernnogozo egekma peakuii ma 8ifbHOI
eHepeii MaeHiEmepMUu4YHO20 8i0HOBIEHHS 8 po3riiasi conel npu 8upobHiumei mumaHy. OmpumaHi pe3ynbmamu rnoka-
3ylomb, WO 3MiHa mernnogoz2o eghekmy peakuii 3 modsiliHow corbio npubnu3Ho 8 4 pa3u MeHbwa 3a mpadiyitiHy no
memody Kpona. Takum 4uHOoM ui pesynbmamu 003805s10mb pekomeHOysamu OaHy nodsitiHy cinb (TiCl, - MgCl) &
sKocmi peageHma 07159 OMPUMaHHS mumaHy MagHiemepmidyHUM criocobom

Knroyoei cnosa:Memod Kpona, nodsitiHa cineb (TiCl, - MgCl,), mennosuti egpekm, npoepama HSC.

The purpose of this work is to calculate, using the HSC program, the change in the thermal effect of the reaction and the
free energy of magnesiothermal reduction in a salt melt during titanium production. The results show that the change in
the thermal effect of the double-salt reaction is about 4 times less than the traditional Kroll method. Thus, the results al-
low us to recommend this double salt (TiCI2 - MgClI2) as a reagent for the production of titanium by the magnesiother-

mal method

Key words: Kroll method, double salt (TiCI2 - MgCI2), thermal effect, HSC program.

BcTtyn. Cepiio3Hum Hegonikom TexHororii Kpons €
reTeporeHHiCTb peakuii BiAHOBNEHHS TUTaHy. 3a me-
Togom Kpons raszonogioHun TiCls B3aemopie 3 asep-
Karnom po3nnaefeHoro marHito. CunbHa ek3oTepmiy-
Ha peakuis BigHOBMNEHHS floKanisoBaHa Ha Mixdas-
HiM noBepxHi. BugineHHa Benukoi KinbKOCTi Tenna B
nopiBHANBLHO Manomy ob’emi npocTopy Bege OO0 Mno-
PYLUEHHS OMNTMMAanbHOrO TEMMOBOIO pPEXUMY MNpwu
BMCOKIN LIBMAKOCTI MigBOAY peareHTiB. 3HWKEHHS
Liel WBWAOKOCTI BWKIMKAE HU3bKY MPOOYKTUBHICTb
peakTtopy [1].

MoctaHoBKa npo6nemu. [ns noninweHHs npowecy
HeoOXigHO nMepexoauTb A0 FOMOreHHOCTI mpouecy
BiAHOBNEHHS. Lle MOXnMBO 3poOuTU 3a paxyHOK ne-
peBefeHHsl YCiX BUXiAHUX peareHTiB B rasosy abo
pioky dasy. B ubomy Bunagky BiACYTHI OUY3inHI
obMexeHHs i peakuis ige no-BCbOMY peakuinHOMY
06’emy, LIO AO3BONSE PIBHOMIPHO po3nogindty Ten-

OBy HaBaHTaXeHICTb MO peakTopy i 6araTtopa3oBo
30iNbWNTK KOro NPOAYKTUBHICTb.
MeTa i 3aBAaHHA gocnigxeHb. MeTtoto gaHoro go-
CIiAKEHHS € polpaxyHKU 3MiHM TEMNNOBOro eqekTy
peakuil MarHieTepMiYHOro BiQHOBMEHHS 3a Yy4acTio
noAgBinHoOI corni.
MaTepiann Ta metoam pocnimXeHb. TeopeTuyHi
po3paxyHku, 3a gornomoroto nporpamm HSC, aka Be-
Je po3paxyHKM TepMoguHaMiyHUX napameTpiB, npu
piBHOBa3i peakuin Ak € y uiei nporpami, Wo 003BO-
nsae pobuTn po3paxyHKn TepMogMHaMIYHUX napame-
TpiB peakuii MarHieTepMMUYHOro BiAHOBMNEHSA MOABIN-
HOI coni Npu BUPOBHULTBI TUTaHY
PesynbTatn gocnigxeHb. [1Ns nopiBHAHHHA peak-
uii (metog Kponna) 6yno npopaxoBaHO 3MiHy AH,
AG, 3a gonomoroto nporpamu HSC pesynbtatu po-
3paxyHkiB HagaHi B Tabnuui 1.
TiCla+2Mg=Ti+2MgCl:

Tabnuuga 1. Pesynbtatn po3paxyHky AS, AH, AG ans peakuii (1) .
TiCls+2Mg=Ti+2MgCl:
T deltaH deltaS deltaG K
K kJ JIK kJ
273.15 -472.868 -61.708 -456.013 1.63E+87
373.15 -475.396 -69.652 -449.405 8.21E+62
473.15 -477.419 -74.473 -442.182 6.61E+48
573.15 -479.176 -77.847 -434.558 4.05E+39
673.15 -480.774 -80.421 -426.639 1.29E+33
773.15 -482.301 -82.535 -418.489 1.89E+28
873.15 -483.834 -84.4 -410.141 3.45E+24
973.15 -502.568 104.693 -400.686 3.23E+21
1073.15 -416.511 -17.509 -397.721 2.29E+19
1173.15 -412.064 -13.647 -396.053 4.32E+17
1273.15 -412.966 -14.385 -394.652 1.56E+16
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Ak 6aunmmo 3HadeHHa AH gns uiei peakuii 3Haxo-
AaTbcsa Ha piBHi -400-500k0x u 3HayeHHss AG npub-
JIN3HO Ha TaKOMY X PiBHi.

[nsa peanisauii uiei igei, TOGTO roMOreHHOCTi peakuiii
BiQHOBNEHHS, B pobOTi [2] 3anponoHoBaHa MarHie-
Tepmiss B posnnasi conenn. lNpouec 3acHOBaHO Ha
BigHOBNEHHi po3nnasy nofginiHoi coni TiClz-MgClz
PiAKMM MarHiem 3a peakuieto:

TiCl2 - MgClz + Mg = Ti + 2MgClz

JIleopis i NPaKMUKg Memarypeii

Bbyno npopaxoBaHO 3MiHEHHS1 BiNbHOI eHeprii uiel
peakuii 3 BMKopucTaHHaM nporpamu HSC. Ockinbkn
Takoro 3egHaHHs sk TiCl2-MgClz Hema B ujiei npo-
rpami, To 6yno npopaxosaHo okpemo TiClz i MgCla.
PesynbTatn umnx po3paxyHkiB HagaHi B Tabn.2 i 3.
Ockinbkn ang peakuii (2) Hemoxnueo 3pobutn pos-
paxyHku B nporpami HSC 6ynemo pobutu ue y pyu-
Homy pexumi. PospaxyHok AH, AG pobutbca no
HacTynHum Bupasam[3]:

(2
AHC29s, Tici2 - Mgci2 =Z (Ni AH 1© 208) Ticiz + Z(Ni AH ° 208) mgci2 1)
AGP®298, Tici2 - Mgci2 =Z (Ni AG ° 298) Tici2 + Z(Ni AG 1° 298) mgcl2 2
AH%298=% (Ni AH ° 208)xiry - Z(Ni AH 1° 208)sux. 3)
AGC208=%(Ni AG ° 208)kiny - 2(Ni AG ° 208)eux (4)
Topi ans peakuii (2) AHe i AG° 6ygyTb Matu HaCTYMHUIA BUTNSA
AH®208=2 (AH 1° 208)mgciz - (AH 1° 208)mgci2-Ticlz. (5)
AGO298=2 (AG 1° 208)mgci2 - (AG 1° 298)mgciz-Ticl2. (6)
Tabnuuga 2. PesynbtaTtun po3paxyHky AS, AH, AG ans 3egHanHs TiClz
TiCl2 Titanium(ll) chloride
T Cp AH AS AG
K J/(mol*K) kJ/mol J/(mol*K) kJ/mol
273.15 68.547 -516.73 81.29 -538.935
298.15 69.83 -515 87.35 -541.043
373.15 72.73 -509.647 103.352 -548.213
473.15 75.523 -502.228 120.954 -559.458
573.15 77.803 -494 559 135.651 -572.308
673.15 79.852 -486.675 148.326 -586.521
773.15 81.78 -478.593 159.517 -601.924
873.15 83.64 -470.321 169.576 -618.387
973.15 85.457 -461.866 178.742 -635.809
1073.15 87.248 -453.231 187.188 -654.111
1173.15 89.02 -444.417 195.039 -673.227
1273.15 90.78 -435.427 202.392 -693.102
Tabnuuga 3. PesynbtaTtn po3paxyHky AS, AH, AG ansa 3egHaHHa MgClz
MgCl: Magnesium chloride
T Cp AH AS AG
K J/(mol*K) kJ/mol J/(mol*K) kJ/mol
273.15 69.851 -646.06 83.45 -668.85
373.15 74.752 -638.809 106.034 -678.37
473.15 77.498 -631.186 124.12 -689.91
573.15 79.412 -623.336 139.165 -703.09
673.15 80.948 -615.316 152.06 -717.67
773.15 82.29 -607.153 163.364 -733.45
873.15 83.52 -598.862 173.448 -750.30
973.15 84.682 -590.451 182.566 -768.11
1073.15 93.284 -538.102 235.276 -790.58
1173.15 92.445 -528.818 243.549 -814.53
1273.15 91.796 -519.607 251.084 -839.27

Togi pesynbTaty po3paxyHky AH, AG ans peakuii (2)

npeacTaeneHi B Tabnuui 4.
Tabnuuga 4. Pesynbtatn po3paxyHky AH, AG ans peakuii (2)

TiCl2 - MgClz2 + Mg = Ti + 2MgCl2

T AH AG
K kJ kJ
273 -129,33 -129.915
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573 -128.777 -130.782
773 -128.56 -131.326
1273 -84.18 -147.368

Tob6To nmpu Bcix gocnimkeHHMX TemnepaTypax AG
Bio'eMHe i peakuis (2) BinbyBaeTbcs, npu upbomy AH
3HAYHO HMXKYa i 3HaxoaMTbecA Ha piBHi -100kx

OcobnueicTio Npouecy € Te, WO BCi BUXiaHi peareH-
TN 3HaxXoa4sTbCs B pigki dpasi. MgClz rpae ponb iHe-
PTHOrO pO3BOAHUKA-TEPMOCTATY, SKUN OXOPOHSE
30HY peakLii Big neperpisy npv BUAINEHHi Tenna pe-
akuii TiCl2 ogepxyloTb B TOMY XXe peakTopi BigHOB-

NEeHHS, ane B iHLWWIN peakuiiHIn 30HI LWNAXOM npony-
ckaHHsa TiClsyepe3 TuTaHOBUIM NopoLlok (rybky) 3a
peakuieto:

0,5Ti + MgClz + 0,5TiCl4 = TiCl2 - MgCl2 3)
Ona uiei peakuii Takox Oyno npopaxoBaHO TepMo-
OVHaMiYHi nmapameTpu 3a [OMNOMOrow nporpamu
HSC. Pesynbtat pospaxyHkiB 3miHn AH, AG. Ha-
JaHi B Tabnuu,i 5.

Tabnuuga 5. Pesynbtatu po3paxyHky AS, AH, AG ans peakuii (3)

0.5Ti+MgCl2+0.5TiCl4=TiCl2+MgCl2

T deltaH deltaS deltaG K

K kJ JIK kJ

273.15 -107.093 -31.164 -98.58 7.13E+18
373.15 -108.555 -35.749 -95.215 2.14E+13
473.15 -109.783 -38.673 -91.484 1.26E+10
573.15 -110.857 -40.736 -87.509 9.46E+07
673.15 -111.816 -42.282 -83.354 2.94E+06
773.15 -112.676 -43.474 -79.064 2.20E+05
873.15 -113.437 -44.401 -74.668 2.93E+04
973.15 -114.088 -45.108 -70.191 5.86E+03
1073.15 -114.743 -45.747 -65.649 1.57E+03
1173.15 -117.565 -48.212 -61.005 5.21E+02
1273.15 -117.695 -48.319 -56.178 2.02E+02

PesynbTaty po3paxyHkiB TakoXx cBifyaTtb Npo Te Lo
peakuis (3) BiobyBaeTbca y BceMy iHTepBani gocni-
DKeHuX Temnepartyp, a 3HadyeHHa AH 3HaxoasTbes
Ha piBHi -100kX..

Ha BigmiHy Big peakuii (2) B peakuii (3) BuxigHa cy-
MiLL LLINMXTK € reTeporeHHa. Peakuisa (3) eHOoTepMmiy-
Ha i He CynpoOBOMXYETLCS IOKanbHUM MneperpisoMm.
Tennota peakuii niggogutecs 3 pigkum MgClz. To-
ABiViHa Cinb € NPOAYKTOM CUHTE3y TUTaHOBOI rybku 3
MgClz. TutaHoBa rybka CnyXuTb BiAHOBHUKOM AMS
TiCls go TiCl2 3a peakuieto:

ABTOpPM pPO3PO6KM MPOMOHYIOTE CYMICHICTb MPOLECIB
OTPMMaHHA cybxnopiga TuTaHy i MarHietTepmii, Wo
003BOIISIE BUKOPUCTOBYBATU EHEprilo eK30TepMivHOT
peakuii. [na pekuii (4), Takox 3a JOMNOMOroKw npo-
rpamn HSC 6yno npopaxoBHo 3miHy AH, AG, pe-
3ynbTaTu po3paxyHkKiB HagaHi B Tabnuui 6. Pe3ynb-
TaTn po3paxyHKiB TakoX cBig4aTb Npo Te Lo peak-
uist BigbyBaeTbCA y BCbOMY iHTepBani AOCNIMXKEHMUX
Temneparyp.

Tabnuusa 5. Pesynbtatn pospaxyHky AS, AH, AG
Ans peakuii (4)

TiCls + Ti = 2TiCl2 (4)
TiCl4+Ti=2TiCl2
T deltaH deltaS deltaG K
K kJ JIK kJ
273.15 -214.185 -62.327 -197.16 5.08E+37
373.15 -217.11 -71.499 -190.43 4 56E+26
473.15 -219.565 -77.346 -182.969 1.59E+20
573.15 -221.713 -81.472 -175.017 8.95E+15
673.15 -223.633 -84.564 -166.709 8.65E+12
773.15 -225.352 -86.948 -158.128 4.83E+10
873.15 -226.873 -88.801 -149.336 8.60E+08
973.15 -228.176 -90.215 -140.383 3.43E+07
1073.15 -229.485 -91.494 -131.298 2.46E+06
1173.15 -235.13 -96.424 -122.011 2.71E+05
1273.15 -235.39 -96.637 -112.356 4.08E+04

OcHoBHa nepeBara MarHieTepmii B cCoreBomy posn-
nasi nepep npouecoMm Kpona — kpalia MakpokiHe-
TUKa peakuii BiGHOBNEHHS, WO € BinbL Wwenakim 3a-
NMoBHeHi peaktopa rybkow. OpgHaye pos3nnasneHi
MarHil i Cinb He MOXyTb CknagaTt¥ roMOreHUn pos-
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4uH. OTKe cnig YekaTu Koarynsii B ConesoM poasn-
naBei MeTany B KPYMHi Kpanni i3-3a pisHuLi B noBepx-
HEBOMY HaTAraHHIo, L0 MPUMBOAUTL OO0 MOSABIMEHHSA
MDKA3HOT MeXi i 3HWXKYye 06’€EMHY MPOOYKTUBHICTb
peaktopa. Bunpaenatu cityauiio, a 3aogHo 3anobi-
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ratm YTBOPEHHIO TyOKM MOXIMBO AWCMEpPryBaHHSM
Kpanene meTany HaknagaHHsSM MILHUX 3BYKOBMX i
€reKTpoMarHiTHMX KonveaHb abo iHTEHCIBHMM Me-
XaHiYHMM 3MillyBaHHSAM po3nnaBy B peakTopi. He
noegHaHi B rybky 4acTku TUTaHy Moxnuneo besnepe-
BHO BMBOOUTW i3 peakTopy, WO € BEMKOK nepeBa-
rot0 NPOMOHOBAHOrO CNOCOBY OTPUMAHHS TUTaHy — B
NOPIBHEHHI 3 TpagiuinHUM.

BucHoBku

.MarHieTepmia B po3snnasi conen noninwye npouec
BiJHOBIIEHHA TWUTaHy MarHieM 3a paxyHOK nepeBe-
OEHHS yCiX BMXiOQHMX peareHTiB B rasoBy abo pigky
¢aasy, WO rapaHTye roMOreHHicTb npouecy. Ons uiei
METU NPOMOHOBaHO 3amicTb rasonogibHoro TiCls
BigHoBnATM xnopug TiClz y ckmagi posnnaey no-
aBinHoi coni TiCl2 - MgCl2 pigkum marHiem. Ocobnu-
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BOCTIi npouecy € Te, WO BCi BUXiQHI peareHTn 3Haxo-
Osatbesa B pigkin dasi. MgClz rpae ponb TepmocTary,
SIKM OXOPOHSIE 30HY peakuii Big neperpisy. 3MiHa
TennoBoro edekTy 3a yyacTio NOoABINHOI coni npu
MarHieTepMidyHOMY BiAHOBMEHHI NpubnnsHo B 4 pasu
MeHbLLUa HiX 3a meTogom Kpona.

3MiHa BiNbHOT eHeprii 3a y4acTio NoABINHOI coni Npu
MarHieTepMidyHOMY BiAHOBMEHHI NpnbnnsHo B 4 pasu
MeHbLUa HiK 3a meTogom Kpona, Wwo fo3sonse pe-
komeHgyBatm cinb (TiClz - MgClz) B skocTi peareHTa
npv mMarHieTepMmMyHoMy cnocobi BUpobHuuTBa TUTa-
Hy.

He noegHaHi B ryGKy 4acTkum TuTaHy MOXMBO 6es-
nepeBHO BMBOAWUTM i3 PEaKTOpy, WO € BEMMKO Mne-
peBaro NponoHOBAHOIO CMOCOBY OTPUMAaHHSA TUTa-
HY — B NOPIBHEHHI 3 TpagilinHUMm.
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Kinetics of austenite decay during continuous cooling of undeformed

boron-containing steel 30I'1P

Mema. lMposecmu 0OocniOxeHHs KiHemuku po3nady HedegopMoB8aHO20 repeoxoiodxKeHo20 aycmeHimy 3a besne-
pepsHUM 0x0rodxeHHAM 6opemicHOi cmari. BecmaHosumu 3aKkoHOMIpHOCMI ¢hbopMysaHHs cmpykmypu 60p8miCHOT
cmarii 3a 6e3rnepep8HO20 OXOMOGKEHHS 3 PI3HUMU W8UOKOCMSAMU 8i0 memnepamyp HagpieaHHs.

Memooduka. [ocnidxeHHs1 ¢ha308ux nepemeopeHs i KiHemuku posnady HedeghopMo8aHO20 NMepeoxoriodXeHo20 ayc-
meHimy npogodunnu memodom OughepeHyiliHO-mepMiYHO20 aHaslidy Ha 3pa3kax 60pemicHOI cmarii 3 OOCIOKEHHSIMU Mi-
Kpocmpykmypu ma meepdocmi.

Pesynbmamu. Bug4eHo KiHemuky nepemeopeHs i nobydoeaHo mepmMoKiHemuYHi Oiaepamu po3nady HedeghopmosaHO20
repeoxonodxeHo2o aycmeHimy 6opemicHoi cmari. BugyeHo KpumuyHi mouku i gusierieHo ocobnugocmi ennusy weuo-
Kocmi 0xor00xeHHs1 HeOeghopMogaHO20 aycmeHimy Ha 06'eMHy yacmKy cmpyKkmypHUX ckradosux 6opemicHOi cma-
.

Haykoea Hosu3Ha. [Toka3aHO MOMOXEHHS KPUMUYHUX MOYOK memnepamyp i ompumMaHoO SIKICHY ma KirlbKiCHy KapmuHy
cmpykmypoymeopeHHsi docnidxysaHoi bopemicHOi cmarii. BusieneHo ernnue weudKocmi OXOrnoOKeHHs Ha xapakmep
rnepemeopeHb aycmeHimy ma mexaHidHi enacmusocmi ocnidxysaHoi cmari.

lMpakmuy4Ha 3Hadumicmsb. [lposedeHi OOCNIOKEHHSI (3HaHHS MOMOXEHHSI KPUMUYHUX MOYOK) 0aromb 3Mo_2y uinecrpsi-
mogaHO obupamu memnepamypu Hazpigy, OXOMOMKEHHS ma i30mepPMiYHUX 8UMPUMOK Mi0 Yac po3pobIieHHs pexumie
gidnarny sk y niGKpuMUYHOMY iHmepesani memnepamyp, mak i 3 Yacmkogor abo Mo8HOK ¢ha3oe8oto repekpucmarnisaui-
eto. OmpumaHi pe3ynbmamu MoXymb 6ymu gukopucmadi rnpu po3pobui pi3HUX pexxumie mepmidHoOi 06pobku, wo 3a-
€mMoco8yombCsi 8 MPOMUCIIOBUX MEXHO02ifAX 8UpobHUUmMea byHmMo8oeao npokamy 3i 6opemicHoi cmarii 0nsi Xoro0HOI
sucadku.

Kntoyoei criosa: mexaHiyHi erracmueocmi, weudKicmb OXOMOGKEHHS, CMPYKMYpPOymM8OPEHHS, MepMOKiHemuy4Ha Oiaz-
pama, KiHemuka nepemeopeHb HedegopMo8aHO20 aycmeHimy.

Purpose. Conduct a study on the kinetics of decomposition of undeformed supercooled austenite during continuous
cooling of boron-containing steel. Establish the patterns of structure formation in boron-containing steel during continu-
ous cooling at various rates from heating temperatures.

Methodology. The study of phase transformations and the kinetics of decomposition of undeformed supercooled austen-
ite was conducted using differential thermal analysis on samples of boron-containing steel, accompanied by investiga-
tions of microstructure and hardness.

Findings. The kinetics of transformations were studied, and thermokinetic diagrams of the decomposition of undeformed
supercooled austenite in boron-containing steel were constructed. Critical points were examined, and the peculiarities of
the influence of the cooling rate of undeformed austenite on the volume fraction of structural components in boron-
containing steels were identified.

Originality. The positions of critical temperature points have been demonstrated, and both qualitative and quantitative
depictions of the structure formation of the investigated boron-containing steel have been obtained. The influence of
cooling rate on the nature of austenite transformations and the mechanical properties of the studied steel has been re-
vealed.

Practical value. The conducted research (knowledge of the positions of critical points) enables the targeted selection of
heating, cooling, and isothermal holding temperatures during the development of annealing regimes both in the subcriti-
cal temperature range and with partial or complete phase recrystallization. The obtained results can be utilized in de-
signing various thermal treatment regimes applied in industrial technologies for the production of coiled rolled products
made from boron-containing steel for cold forging.

Keywords: mechanical properties, temperature regime, cooling rate, structure formation, thermokinetic diagram, kinetics
of transformations of undeformed austenite.

Bctyn. OcHoOBHa 0O3Haka npuaaTHOCTI cTtani ang
BMKOPUCTaHHS Ti B PI3HUX KOHCTPYKLIAX — Lie KOM-
NNekc MexaHiYHMX XapakTepUCTUK, AKUN MOBUHEH 3a-
OOBOMbHATY BUMOram Ti€i KOHCTPYKTUBHOI CXemMu e
ctanb 6yge BukopucToByBaTUCHA. [N KOHCTPYKLUi-
HWX cTanen i cnnasiB AKICTb BU3HA4Ya€ETbCs CTaHaap-
THAMM MOKa3HMKaMu Lo 3abe3nedvyoTb HafiHICTb
nig 4Yac BUKOPUCTAHHS X Y KOHCTPYKLUii. [NiaBuLLEeHHS
HafiiHOCTI MeTaneBux BUPOGIB i KOHCTPYKLIA 3 HUX Y
NOEAHaHHI 3i 3HWKEHHAM METaNOEMHOCTI LLMNAXOM
HalaHHA CTanbHMM 3aroTOBKaM BiAMOBIAHOI CTPYKTY-
py i HeobXigHMX BracTUBOCTEN Mg Yac TepPMIYHOro
06pobneHHs, HanexaTb 40 HaBaXXSMBILLNX 3aBOaHb,
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AKi Hapasi CToATb nepen MeTanosHaBsUsMN Ta daxis-
uaMM 3 TepmidHoi 06pobkn metany. Li nutaHHsa i ix
BUpiLLeHHs 6e3nocepeaHbo MOB’sI3aHi 3 MiABULLIEHHAM
BNacTMBOCTEN KOHCTPYKLIMHUX MaTepianis, 3okpema
mMeTarnonpokaTy i3 OOpBMiCHMX CTanen, npusHade-
HUX ONs BWUIOTOBIIEHHSI BMCOKOMILHUX KPiMUIbHUX
BMpobie. Came ekoHOMHoMneroeaHa 6opBMicHa cTarlb,
Taka sk 30MMP, Hapasi cnyxuTb NepcnekTMBHUM Ma-
Tepianom Ansi BUPOOHULTBA BUCOKOMILHUX Kpinuib-
Hux BupobiB [1] 3amicTb TpaauMLIAHO 3aCTOCOBYBaHUX
y NPOMMUCIOBOCTI CTanewn, neroBaHnMx 4OPOro BapTic-
HUMK enemeHTamun. BukopuctaHHs GopBMiCHUX CTa-
new go3Bonsie 36inbwmnTM 00CArM BUpOOHMLTBA BUCO-
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KOMILHMX BMpPOGIB, IO BUIOTOBMSAOTLCA METodaMm
XonoaHoro o6’eMHoro wramnyeaHHs (XOLL).

MocTaHoBKka npobnemn gocnigkeHb. TexHonoris
BMUIOTOBMEHHS BUCOKOMILHUX KPiNnibHWUX BUPOGIB po-
3BMBAETLCA Y Hanpsmky 36iNblUEHHS PaHNYHOro
CTyneHs aecopmaldii 3aroToBOK (COPTOBOro MeTano-
npokaTy) ana XOLU 3a icTOTHUM ycknagHeHHAaM ¢o-
pMU KpinunbHUX BMpoGiB. TOMy A0 CTPYKTypM i Bnac-
TMBOCTEN CTanemn, WO BUKOPUCTOBYKOTLCA AN BUPO-
6iB LBOro Kracy, BUCYBalOTbCS A0AATKOBI BUMOrK, a
came OAHOPIOHICTb MexaHiYHUX BflacTMBOCTEW, nig-
BULLIEHMI pecypC  MMacTUYHOCTI Ta OAOHOPIOHICTb
CTPYKTYpW. Bigomo, wWo HepiBHOMIPHICTb CTPYKTYpu
Hu3bkoBYrneueBoi crani ana XOLW npusBogntb 0o
©Opaky BMpOOIB Nifg Yac XONoAHOro WramMmnyBaHHs [2].

Mi>k TUM KOHCTPYKLiWHI cTani ans xonogHoi Buca-
OKN MOBUHHI MaTu y MOYaTKOBOMY CTaHi CTPYKTypy
3€epHXCTOro nepnity nesHoro 6any, piBHOMIPHO PO3-
noaineHoro B maTpuui. Taka CTpykTypa, CTOCOBHO 3a-
3HaYeHUX cTanen, NOopPIBHAHO 3i CTPYKTYpPOI MnacTu-
HYaCTOro NepniTy, BOMOAIE KPALLO TEXHOMONIYHICTIO
1 eKOHOMIiYHICTIO niA Yac noganbLUMX HeobXiaHUX 06-
pobok meTany [3, 4]. lns oTpumaHHA CTPYKTypu 3e-
PHUCTOro NepniTy COPTOBUIA METarnonpokaTt (kaTaHKy)
npusHadennn ans XOLW nigpoatoTe cdepoiamayroyo-
My Bignany. TpaguuinHi cnocodu cdepoiamsadii ka-
pbigHoi dha3m noTpebytoTb TpMBanoro vacy Ans pea-
nizauii npouecy TepmiyHoi 06pobku (TO), xapakrepu-
3YIOTbCS1 BUCOKMMMW €HEpreTUYHUMKU BUTpaTamym Ta
MatoTb PS4 iHWKMX Heaonikis [4].

[ns ckopodeHHs TpmBanocTi npouecy cdepoigun-
3aLlii 3aCTOCOBYIOTLCA Pi3HOMAaHITHI cxeMu nepenob-
pobok MeTanonpokary, pi3Hi cnocobu Ta TexHornoril
KOMOiHaUiHux 06poboK rapsiyekaTaHoro mnpokarty
ans XOLUW [5]. BkasaHi nepenobpobku 3a3Buyai rpy-
HTYIOTBCA Ha 30iNbLlUEHHI AUCNEePCHOCTI YacTUHOK Ka-
pbigis i gedeKTHOCTI KpUCTaniyHOi peLiTkn MaTpui
LUMSAXOM 3HWXKEHHS TemrepaTypu po3nagy ayCTeHiTy
B obnacTi eBTeKTOigHOro (nMepniTHoro) nepeTBo-
peHHsi. Cxema pexumy cdepoigmaytoyoro Bignany
npy LbOMY MPUHLUUMOBO HE 3MIHIETLCH: BigOyBa€eTh-
Csl HarpiBaHHA 3 YacTKOBOK (ha30BOKO NepekpucTarni-
3auieto i 3aivicHioeTbea cdhepoiamnsauia kapbigis HUX-
ye Temnepartypu Aci. Tob6TO cepoigusadia 6esno-
cepeaHbOo 3AINCHI0ETBCA Y MPOLECi i30TepMiyHOl BU-
TpuMmkK, abo y npoueci 6e3nepepBHOro MOBINbLHOMO
OXONOMKEHHsI, abo [Aekinbkoma i30TepMiYHUMKU BU-
TPUMKaMM Y NPOLLECI OXONOPKEHHS.

3HauHe CKOpOYEeHHs1 TpUBanocTi cepoiansyoyo-
ro BignantoBaHHA [OCAraeTbCs 3aBOAKM 3aCTOCOBY-
BaHHIO eNIeKTPOTEPMIYHOI 00pobkM 3aroTiBku [6].
BigMiHHOIO 0COGMMBICTIO BKa3aHOi 06pobKkn € BUCOKI
LWIBMAKOCTI HarpiBaHHA MeTany, Wwo 3abesnevyoTbes
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kepen (enekTpokoHTakTHe abo iHAyKUiHe Harpi-
BaHHSA). Nopsa 3i 3HAYHUM CKOpPOYEHHSIM (Y AeKinbka
pasiB) TpmBanocTi TO, 3aBgsiku cneumdiyHoOMy BMnun-
BY BMCOKMX LLUBMAOKOCTEW HarpiBy Ha MexaHi3m i KiHe-
TUKY CTPYKTYPHUX 3MiH 0BpobnioBaHOro COpTOBOro
npokaty, focAraeTbcs HinbLL BUCOKMI KOMMNMNEKC Bna-
CTUBOCTEN CTarnbHMX BMPOLIB [6].

OpHak, Tpeba po3ymiTu, WO  eneKkTpoTepMivHa
06pobka 3aroTiBKM He nuLlIe NPUCKOPIOE MpoLec Ha-
rpiBaHHs MeTany 4O NeBHMX HeOOXigHMX TemnepaTyp
(3a paxyHOK 4Oro 3MeHLUYETLCS 3aranbHa TpMBanicTb
cdepoiamsytodoro BignantoBaHHs), a W Npu LbOMY
MOXXE BUKOPUCTOBYBATUCHA ON1S1 CTBOPEHHS Takux Te-
MMepaTypHUX PEeXUMIiB, 3a AOMOMOrow sikMx 3abes-
Ne4vyloTbCA pi3Ke MPUCKOPEHHsT BriacHe 6e3nocepea-
HbO cchepoiamaauii LEMEHTUTY CTaneBux 3aroTOBOK,
MOXIMBE 3a paxyHOK 3MiHW MeXaHi3MiB LibOro npoe-
cy. | ue, Ha Hawy gymKy, € HOBUI NOMNSA, Ha Npouec
iHTeHcudikauii cdepoignsadii LEMEeHTUTY HU3bKOBYT-
neuesux 6opBMICHMX CTanen.

3HaHHSA 3aKOHOMIpHOCTEN (POPMYBaHHS CTPYKTYpU
Ta HeobXiAHOro piBHS MexaHiYHMX BNacTUBOCTEN Npu
LUBUAOKICHNX HarpiBaHHi Ta 0XONoaKeHHi 6opBMICHUX
cTanen gawTb 3MOry BUKOHaTW MIArOTOBKY CTPYKTYp-
HOro CTaHy CTanbHOi 3aroToBkM Ge3nocepeaHbLO ne-
ped cdepoigusytouoo  BUTpUMKOK.  OTpuMaHui
CTPYKTypHUI cTaH Oyae BpaxoByBaTW OCOGMBOCTI
cepoignsauii LEMEHTUTY Y HU3bKOBYITELEBNX CTa-
nsiX, @ TakoX CnpusaATM HeobxigHOMY po3noginy rrno-
Oynb ueMeHTUTy B hepuTHIn maTpuui. Takum YMHOM
npoBedeHHA OOCNiMpKeHb 3akOHOMIPHOCTEN BMIUBY
LLIBUAKICHNX peXnMiB TeMmnepaTtypo — aedopmauiniHoi
06pobKkM Ta NOQanbLUOro perfiameHToBaHOro OXoso-
[PKEHHS1 COPTOBOro Mpokaty 3 OOopBMICHUX cTanew
ana XOLW Ha cTpykTypHi Ta ¢a3oBi NepeTBOpeHHSA
Hapasi € akTyanbHow npobnemoto.

Ons obrpyHToBaHOro nigxody A0 po3pobrieHHs
pexumiB i TexHonorii TO kanibpoBaHoi cTani Ansa xo-
NOOHOro BMCAMXKyBaHHA Ha neplioMy eTani gocni-
DKyBanuM KPUTUYHI TOYKM Ta KIHETUKY NepeTBOPEHb
HeaeoOpMOBaHOrO  MEPEOXONOMKEHOIO  ayCTEHITY
ctani 30rM1P.

Martepian Ta meToguka gocnimkeHb. JocnimpkeH-
HA MNPOBOAMIIM Ha 3pa3Kax KaTaHku  giaMeTpoMm
6,5...10 mm 3i ctani 30IM1P (ave. Tabn. 1), sky B Aa-
HUA 4Yac LIMPOKO BUKOPUCTOBYHOTbH ONS1 OTPUMMAaHHS
BMCOKOMILHUX KPINnUIbHUX BMPOOIB XONOOHOK BUCak-
KO 3 mojanblUMM rapToMm i BignycTkoro. BmicT Gopa i
a30Ty JOCnigXyBaHMX Mapok cTanen (aueunck Tabnu-
uto 1) npu uboMy cniBBigHOWEHHA Gopa i a3oTy 3a-
De3neuye, 3 0AHOrO BOKY 3POCTaHHA  pPO3KapOBaHO-
CTi BUpOGIB 3 LMX Mapok cTani, a 3 gpyroro 60Ky, no-
OpiOHEHHS 3epHa ayCTeHiTy nig 3arapTyBaHHS.

3aBAOSIKM  BUKOPUCTAHHIO  BMCOKOKOHLEHTPOBAHUX
Tabnuus 1
XimMiyHMIA cknag gocnimkyBaHoi Mapku ctani 30 1P
Mapka MacoBa yacTka enemeHTiB, %
crani C Si Mn Al Ti S P Cr Cu B N
30M1P 0,3 | 0,30 1,02 | 0,02 | 0,017 |0,007 |0,024 |- - 0,0007 | 0,016
Mpu npoBedeHHi JocnimkeHb BUKOPUCTOBYBanM  3paskiB Ha nabopaTopHii yCTaHOBLI, sika obragHaHa
BMCOKOLUBUAKICHE  €MNEeKTPOKOHTaKTHE  HarpiBaHHs  NPUCTPOSAMU BOOOMOBITPSIHOTO OXOMODKEHHSI Ta CUC-
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TEMOIO KOHTPOIS, peecTpalii i perynioBaHHa npouecy
HarpiBaHHS Ta OXONOKeHHsl. BukopucTtaHHs nabo-
paTOPHOI YCTAHOBKN 3 BUCOKOTEMMEPATYPHUM EeneKT-
POKOHTAKTHUM HarpiBoM y MoegHaHHi 3 KOMMIIEKCOM
neyen i TepMiYHUX BaH, WO 3abesnevyoTb Heobxia-
HUA fianas3oH LWBMAKOCTEN OxonomkeHHs (Big 0,14
no 350 °C/c) wnsaxom nigbopy BigMOBIAHOO OXOJI0-
JKYIO4Oro cepefoBulla, [03BONSAE BUBYATM BNUB
BMacHe i30TePMIYHUX | YacOBMX NapameTpiB Ha SKICTb
crani.

HocnimpkeHHs1 0coBnMBOCTEN CTPYKTYPOYTBOPEHHS
BUKOHaHi i3 3acTocyBaHHAM  gudyepeHLUinHO-
TepmiyHoro metogy adanisy (OTA), sikmi go3sornsie
cbikcyBaT TemnepaTtypHi iHTepBanu asoBux nepe-
TBOPEHb Y Cnsiasi NOPIBHAHO 3 eTanoHoMm [7,8]. B ako-
CTi eTanoHa BMKOPUCTOBYBanNu 3pasku 3 HepXasito4ol
ctani mapkn X18H10T, gka He BMNpoGoBye nepeTBo-
peHb y poboyvomy iHTepBani TemnepaTyp. HeobxigHo
BiA3HaumMTh, wo meton OTA [03BONSE BU3HAYUTU
TemMnepaTypo — YacoBi iHTepBanu yTBOPEHHS 3epHUC-
TOr0 Ta NNacTMHYaTOro MepniTy, i TakoXX MPOBOAUTU
BiANpaLbOBYBaHHA MapaMeTpiB  cdepoiansyoyoro
Bignany Onsa oTpUMaHHsi cTani 3 3agaHuMm CTyneHeMm
cdepoiamsadii kapbigHoi dasn.

[ocnigpkeHHa MIKpOCTPYKTYpWU MeTany npoBoanin
3a pornomoroto Mmikpockona «Neophot-21». Lnicwn
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BMIOTOBMANN 3a CTaHOAPTHOK METOAMKOR, 3aCTOCO-
BYBaHHi 30inbLUEHHS Npu CBITMNOBIN Mikpockonii x50 i
x500. BumiptoBaHHA TBEPAOCTi y NabopaTopHUX YMO-
Bax nposoaunun no wkani Bikkepca npuctpoem Tl —
7P1, a MexaHi4Hi BacTMBOCTI BU3Ha4anu npu

OOHOBICHOMY PO3TAryBaHHi 3a CTaHOAPTHOK Me-
TOAMKOW Ha maluunHi FU — 10000ez.

Buknag ocHoBHOro matepiany pocnimpkeHb. [po-
BeAEHUMU OOCHiAKEHHAMN BCTAHOBMEHO, LLO MNOMo-
XEHHA KpUTUYHUX Todok ctani 30M1P BkasaHoro ximi-
YHOro cKnagy Bignosigae Temnepartypam:

Ac1=725 °C; Ac3s=795 °C;

3HaHHSA MONOXEHHS KPUTUYHMX TOYOK [O3BOSISIE
LinecnpsMoBaHO  BMOWpaTX TemnepaTypu Harpisy,
OXOMNOKEHHS Ta i30TepMiYHNX BUTPUMOK | Jae 3Mory
BMKOHYBaTV poboTK NoB’si3aHi, 6e3nocepenHbo, 3 po-
3pobKoI0 pexmnmiB Bignany siK y NigKpUTUYHOMY iHTe-
pBani TemnepaTyp, Tak i 3 4YacTKOBOO abo MOBHOH
ha3oBOIO NepekpucTanisauieto.

[nga BusHaveHHa pexumiB TO, OTpMMaHHA pi3HUX
CTPYKTYPHUX CTaHiB nepea cdepoigusytoumm Bigna-
nom 6yno nobyaoBaHO TEPMOKIHETUYHY Aiarpamy po-
3nagy nepeoxornomkeHoro aycteHity crtani 30M1P

(pnc.1).
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Puc. 1. TepmokiHeTMYHA Oiarpama NepeTBOPEHHS aycTeHiTy 6opeMicHoi ctani 30 1P

MpoBeaeHi pocnigpkeHHs | aHania nobypoBaHoOl
TEPMOKIHETUYHOI diarpamMy JO3BOMMB NpoaHanisyBa-
TW NPOLEC CTPYKTYPOYTBOPEHHS AOrsi CTani Bka3aHoro
ximiyHoro cknagy. KinbKiCHUA BMICT CTPYKTYPHUX
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CKMagoBuX, LLO BMHUKAKOTb NPWU OXONMOMXKEHI 3 Pi3HK-
MM LUIBMAKOCTAMU HeedopMOoBaHOro ayCcTeHiTy crani
30MM1P, npeacTtaBneHo Ha puc. 2.
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Puvc. 2. Bnnue WWBMAKOCTI OXONOMKEHHA Ha TBEPAICTb Ta KIHETVKY NEPETBOPEHHS NEPEOXONOLKEHOMO ayc-
TeHiTy ctani 30N 1P: A- 6enHiT; O- dpeput; U - nepnit; 000000 00- MapTeHCUT

3icTaBneHHs KpuBUX ANS BIiANOBIAHWX CTPYKTYp-
HUX CKNagoBUX MOKA3YeE, LLIO YTBOPEHHS 06’eMHOI Ya-
CTkM cheputy, nepnity, 6eVHiTy Ta MapTeHcuty Ans
ctani 30N 1P mae 3aranbHumn xapaktep 3miH [9].

AHarmi3 3akOHOMIpPHOCTEN po3nagy Nepeoxoso-
IXeHoro aycrteHity ctani mapku 30MM1P (avB. HaBe-
OeHi Bulle puc. 1 Ta puc.2) nokasas, LIO MNepeTBo-
peHHs1 3a 6e341y3iHNM MEXaHi3MOM 3 YTBOPEHHSAM
100% wmapTeHcuty (puc. 3a) BiAOyBaeTbCA npu
LLIBUAOKOCTI oxonomkeHHs npubnusHo 250 °Clc i Bu-
we. NMoyaToKk MapTeHCUTHOro NepeTBOPEHHS BiANOBI-
Aae TemneparypHin Touui 355 °C, a TBepaicTb
NPOAYKTiB po3nagy AopisHioe HV 631.

Mig Yac OXonoMKeHHS 3i LUBUAKICTIO HWXKYe Kpu-
TnyHoi (B iHTepBani 250 °C/c — 15 °C/c) BcTuraioTb
YaCTKOBO MpOoTiKaTK AUY3inHi Npouecun 3a po3nagom
ayCTeHITy 3 YTBOPEHHSIM KpiM MapTeHCUTy Le i npo-
OYKTY TMNPOMDKHOrO GerHITHOrO nepeTBOpPEHHs (Jo
60% GelHiTy), Lo NPU3BOANTb OO0 3HWXKEHHSA TBEPAO-
cTi go 365 HV (puc. 36). MNMoganblue 3HWKEHHS LWBUA-
KOCTi oxonomkeHHs1 (0o 7 °C/c) cnpuynHse GinbL iH-

TEHCVBHE NPOTiKaHHS AMyY3iiHNX npoueciB 3 Buai-
NEHHsAM Yy TemnepaTypHoMmy iHTepBani 650 — 550 °C
CTPYKTYPHO — BinbHOrO deputy, a B iHTepsani 600 —
500 °C — nepniTy. Y CTPYKTYpi TakoXX MOXxe OyTu npu-
CYTHIM B HesHauyHin KinbkocTi 6enHiT (puc. 3B). Le
NpU3BOAUTL A0 ICTOTHOrO 3HWXEHHHA TBepaocTi (4o
215 — 222 HV), npu UubOMy KinbKiCTb CTPYKTYpU Npo-
MDKHOIO TUNy MOXe 3MiHoBaTuUcA B iHTepBani Big 40
0o 15 — 20%.

3HayHe yTBOPEHHS EePUTHO-NEPMITHOI CTPYKTYPU
BiAOyBaeTbCA MPW OXOMOMKEHHI 3i WwBMAkicTio 1 —
5°C/c i MmeHLle. 3HMKEHHS LLUBUOKOCTI OXOJIOOPKEHHS
Npu3BOAUTL [0 MNMABHOMO 3POCTaHHSA KinbkoCTi  e-

puTy Ta Nepnity y CTPYKTYpi, NPW LIbOMY KiflbKiCTb
BerHiTy 3meHwWwyeTbesa Ao 3-5% BignoBigHO faHUM Mi-
KPOCTPYKTYPHOrO aHanidy, a npu LBUAKOCTI OXOmo-
okeHHs 0,5 — 1°C/c npoueHTHe cniBBigHOLWEHHSA he-
puTy M nepnity ctaHoBuTb BignosigHo 60 Ta 40%
(puc. 3r). Teepgictb ctani 30MMP 3 Takow CTpPyKTy-
poto gopisHioe 169 HV.
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250 0C/C; 06 — Vox :100°C/C; B — Vox :50°C/C;

Mpy  WBMAOKOCTAX OXONOOKEHHSA MEHLLIEe
0,5 °Cl/c BinbyBaeTbCcs MpPaKTUYHO TepMoAMHaMIYHe
piBHOBaXXHe ANY3iMHE NEepeTBOPEHHsI ayCTeHITy 3
yTBOpPeHHAM hepuTy Ta nepnity (puc. 3 g, e). Teep-
OiCTb Takol CTPyKTypu cTaHoButb 151 HV.

PesynbTatn gocnimkeHb. Ha niactasi HaBegeHux
eKCrepuMEHTarnbHNX aHMX MOXEMO CTBEPPKYBaTH,
WO XapakTtep TpaHcdopMalil nepeoxonomKeHoro
ayCTeHiTy npv 6e3nepepBHOMY OXONOMXKEHHI Mae ae-
sIKi 0coBNMBOCTI, @ caMe, 3HaYHy CTIMKICTb y Yaci ne-
PEOXOSIOMKEHOIO ayCTEHITY Y NMPOMDKHIN obnacTi, Wwo
NPU3BOAMUTL [0 BUHUKHEHHS Y CTPYKTYpi Ao 65%
GeViHiTy npu WwBuakocTti oxonomxeHHs 20 °C/c, i Ha-
BiTb NPW OXONOMpKEHHi 3i weuakictio 0,5 °C/c go
3...5% 6elHiTy. BusasneHi ocobnvBocCTi BMnMBalOTb
Ha-CTPYKTYypY i BNAcTUBOCTI NPOAOYKTIB ayCTEHITHOro
posnagy i, K HacnigoK, Ha opMyBaHHS TEXHOOrY-
HWX BNAcTMBOCTEW MeTaronpokaTy npu noro nopa-
nblUoi nepepobui. Tak, He3BaXatun Ha BiAHOCHO He-
BENUKy 06’eMHY YacTKy, y CTPYKTypi BelHITY Le Moxe
3HU3UTU TEXHOMOrYHY MNMNacTUYHICTE nigkaty, SKui
npu3HayYeHnn Ons XonogHoro AedopMyBaHHS (kani-
OpyBaHHS, BUCAZKW Ta iH.).

HeobxigHO 3a3HaunTK, WO HaBedeHi OaHi CTocy-
IOTbCA 3aKOHOMIPHOCTEN po3nagy ayCTeHiTy, 3 OKpe-
MOro HarpiBaHHA. Y pearnbHOMY TEXHOMOrNYHOMY
npoueci BUIOTOBIIEHHS CTaneBuMX 3aroTOBOK Anis

w ¢ ISSN 1028-2335 Ne4, 2023
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e
Puc. 3. MikpocTpykTypa 3paskiB agndepeHuiansHo—TepmiyHoro aHanisy ctani 30N 1P, x500:

a— Vox >

r-Vox=0,5...1°C/c; o,e—-Vox<0,5°Clc;

XOUW rapsiya nnactudHa gedopmadis nopyLlye ctaH
aycTeHiTy, a 0e3nepepBHO — MOCMNILOBHUA BNB
nnacTuyHoi aedopmadii i HACTyMHE OXOMNOOXKEHHS
CYTTEBO BMMBAE Ha CTPYKTYpY i BMacTMBOCTI cTani
[10]. Ons BMBYEHHSI BNMAMBY rapsyoi NnacTU4HoI Ae-
dopmauii Ha KiHETUKY ha30BMX NEepeTBOPEHb Yy COp-
TOBOMY MpokKaTi i3 GOpBMICHUX cTanen HeobXxigHe
npoBeAeHHS [O0AAaTKOBMX [OOCIiMKEHb, WO AacTb
3MOry OGr'pyHTOBaHO po3rnsgaTti NUTaHHS Wodo po-
3pobneHHsa pexuMiB Bignany crani Ha 3epHUCTUI
nepniT 3 pi3HOO BUXIOHOK CTPYKTYPOLO.

BucHoBK/N. BUBYEHO KPUTUYHI TOYKWU i BUSBEHO
0CcobBNMBOCTI BMAMBY LUBUAKOCTI OXONOMKEHHS He-
0eopMOBaHOro ayCTeHITy Ha 06'EMHY 4acTKy CTPyK-
TYpHUX ckragoBux 6opemicHoi ctani 30M1P y wupo-
KOMY fiana3oHi LUBMAKOCTEN OXONOMKeHHs1. OTpuma-
HO SKICHY i HaniBKINbKICHY KapTWHY CTPYKTypOyTBO-
peHHa cTtani 30MMP. MNpoBeaeHi 4OCNIMKEHHS KPUTK-
YHMX TOYOK i KIHETMKM po3nagy aycTeHiTy 3a 6esne-
PEPBHOTO OXOJIOMKEHHA MOXYTb OYTU BUKOPUCTAHI
AN po3pobneHHst pisHNx pexumie TO 3 okpemoro
HarpiBaHHs cTani. Y pesynbTaTi npoBefeHux Oocri-
DKeHb eKcrnepuMeHTanbHO nigTBepoKeHa MOXIu-
BiCTb pO3pPODOKM LUBMAKICHUX pexumiB cdepoigunsyto-
4oro Bignany HU3bKOBYrMeLeBuX cTanen 3 oTpumaH-
HSM PIBHOMIPHOrO PO3NOoAiny rrnodyn UemMeHTUTy y
depuTHIN maTpuLi.
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