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Vibration characteristics and dynamic control of vacuum treatment

Beauuko O.I., Cyxuii K.M., /[prcowya A.
BiOpauiiiHi XapakTepuCTUKH Ta AMHAMIYHHHA KOHTPOJIb
BAKYYMHOI 00po0OKH

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-
sing.

HocnidxeHo eibpauiliHi xapakmepucmuKku 8aKyyMHOI 06pobKU MPOMUCIIO8UX yYCMaHOBOK 8aKyyMmyeaHHs1 cmarni. [1po-
aHanizoeaHo ammnimy9dHo-4acmomHull CrieKmp ma OCHO8HI Oxepena gibpauii ycmaHo80K 8aKyymHoi 06pobku. Toka-
3aHo, WO 8 CrieKmpi KonugaHb fepesaxarmp HU3bKOYacmomHull i aucokodacmomHuli Giana3oHu. Y Hu3bKoYyacmom-
Homy Oiana3oHi 8ibpayisi ycrmaHoO80K 8aKyyMHOI 06pObKU 108'a3aHa 3 KOMuBaHHSIMU 8aHHU i X8UIIEYMBOPEHHAM Ha I1o-
8EpXHI, @ makox 3 obesyanepoxusaHueM memarly rpu rnpodysaHHi KUCHeM i rpouyecax 8aKyyMHO-8yariey,e8020 po3Ku-
crerHs1 | Oezasaujii. Y sucokoyacmommHil obnacmi dxepenamu sibpauii € nynbcauii easis, wo sudinstomscsi. BcmaHos-
JIEeHO KOpesnsiuiliHi 38'A3KU MK 8ibpauieto ma mexHoo2iYHUMU napamempamu 8aKkyyMHOI 06pobku. MokazaHO MOXIiu-
socmi gibpauiliHo2o memody 0nsi UHaMIYHO20 KepysaHHsI 8aKyyMHOI 0bpobKot. Xapakmep 3MiHU pigHsi 8ibpauiliHo20
cueHary Ha Yacmomi 8 'y eidobpaxae OuHaMiKy 3He8yereyro8aHHs Mpu KUCHE8OMY Mpody8aHHi Memarly npu 3HUXe-
HOMY muckKy. Y ecmaHoeneHux Oiana3zoHax Yacmom eibpauiliHi xapakmepucmuku 00380/151H0Mb KOHMPOJIKeamu rnpo-
uecu sakyyMHO-8yariele8020 PO3KUCIeHHsT ma Oeza3auil.

Knro4doei cnoea: sakyymHa obpobka, sibpauiliHi xapakmepucmuku, OUHaMiYHUl KOHMPOIb, 8aKyyMHE PO3KUCIEHHS

8yarneyro, 8akyymMHa Oeza3auis.

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
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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 40 t) 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
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chamber with it. Thus, the vibration signal was taken perceives and transmits the vibrational processes in
directly from the element of the unit structure that the ladle during blowing and processing.
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1 — circulating vacuum degasser; 2 — ladle with metal;

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;

18 — multichannel recorder.

Fig. 1. The scheme of vibration measurements on a circulating vacuum degassing unit.
{02

1 _

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



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
show the vibration velocity values in absolute units
(mm/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
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(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.

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.
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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
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 vacuuming 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
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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
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
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
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.

interaction of

vibrations of the vacuum

H - LD Converter unit a)
R - DETEM unit
B - RH unit




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
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 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
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processes. The type of the given curve, as well as at
other melts, is close to the known dependencies of
oxygen and hydrogen content change in the process
of treatment [6].

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 further, which indicates the
completion of the vacuum-carbon deoxidation and
degassing processes.

10 15

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.
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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} + {CO2}
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} + {COz} 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 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.

100

Vibration level,%
(2] o]
o o

H
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0 2

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
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 10

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

10

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).
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6 8 10

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

100

H [=2] [
o o o

Vibration level, %

N
o

4 6 8 10

78%. After the 6th minute of blowing, the vibration
decrease was indicating the slowing down of carbon
oxidation. At 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%).

Lance movement

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).
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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.

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.

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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I'pek 0.C., Beauuko K.O.
InaykuiHa miv - yHiBepcaJbHUM MeTAJTYPriiiHUN arperar
JJIS TBEPA0(PA3HOT0 BiTHOBJICHHS TA NJIABJCHHS CTAJI
i BUCOKO BYyIIeleBOr0 (pepoMapranur™

Grek 0.S., Velychko K.O.
Induction furnace - a universal metallurgical unit
for solid-phase reduction and melting of steel
and high-carbon ferromanganese*

3anporioHosaHo criocib meepdogha3Ho20 8iOHOBMEHHST OKcudie 3aniza ma MapaaHUro ma rniaasrneHHs cmari ma ¢gepo-
MapeaHUuro 8 iHOYKUitHIU neyi. HasedeHo cxemy nipouecy 8iOHOBMEHHSI okcudie 3aniza ma MapeaHuro. Y sKkocmi wux-
mosux Mamepiasie 3arnporoHo8aHO eukKopucmosysamu okamuwi (bpukemu), siki cknadarwmbcsi 3 cymiwi pyoo-
8y2inbHOI ckrnadosoi ma mamepiany, wo micmums 3ani3o, abo ghepomapeaaHeub-py0o-8yainbHi okamuwi (6pukemu) y
pa3si 8i0HoeMeHHs1 okcudie MapeaHUur. Po3anssHymo MexaHi3aM HagpieaHHs makoeo okamuuwy (6pukemy) 8 iHOYKUIGHIl
reyi i nposedeHo ekcriepuMeHmarbHy rnepesipky moxnusocmel memody. [NokasaHa sucoka eghekmusHicmbs meepoo-
¢hasHoz0 8iOHOBMIEHHSI Ma 1asieHHs1 cmari ma ghepomMapaaHyto 8 ymosax 11abopamopHUX ma fnpoMUCIo8uUX iHOYKUit-
Hux neded.

Knro4voei cnoea: meepdoghasHe 8iOHOBMEHHS, iHOyKUiliHa nid, OKcuou 3ari3a, oKkcudu MapeaHUufo.

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.

BcTtyn. Be3ymoBHWUIA npakTMyHUn iHTepec npega-
CTaBnsie 3aBAaHHSA OTPUMAHHA NPOAYKTY TBepaoda-
3HOro BiAHOBMNEHHS, MOro Ta NNaBlfieHHs cTani B oa-
HOMY MeTanyprinHomy arperaTi. ABTOpUY 3anpornoHy-
Banu B SIKOCTi Takoro yHiBepcasibHOro arperarty Bu-
KopucTOBYBaTH iHAYKUiNHY niv. Bonogitoun xopoluu-
MW EeHEPreTMdHUMM MOoXnmBocTsaMmu [1], opeon Bu-
KOPUCTaHHS HOYKUIMHUX neden 4iTKo npeacrasne-
HUWA NMBApHMMM LieXxaMy MalLMHOOyAiBHMX 3aBOgiB,
TaMm, e noTpibeH pigkui metan gns nuTTd, Tam, e
peani3yloTb MepennaBrieHHa MeTaneBoro OpyxTy,
30KpeMa, He TiNbKW 3ari3Horo, a 1 KONbOpOBUX Me-
Tanis i cnnasis. Bigomi npuknagn HeBenuKux 3aBo-
aiB (Hanpvknag, B IHgii) [2],3 BiGHOCHO ManuUmu iH-
AYKUINHUMUM neYamu, SKi BUNNaBnsTb CTanb, nepe-
nnaBnsawyYn MeTaneBun OpyxT i rybyacte 3aniso
TBEpAoda3HOro BiAHOBIEHHA 3 OTPMMaHHAM Hagani
copToBoro npokaty. [No-pi3HOMYy MOXHa oOLiHoBaTU
Take cranennasuinbHe BUPOOHMLTBO, arne 3asupato-
4Yn B Hepaneke mManbyTHE, 3 HALWIOro nornsgy Ta ys-
BINEHHS, BOHO 3aCnyroBye Ha po3rnsag.

AHani3 nitepatypHux gaHux. To YoMy X iHOYK-
uinHa niv? Hacamnepeq Buxoastiym 3 KoHuenuil Bu-
nnaBkW cTani Ha Manux metanyprinHux sasogax [3].

CborogHi Bxe npaulolTb iHOYKLINHI nedi EMHICTIo
30-35 T i 3i 30INbLIEHHSAM MNOTY>KHOCTI IHOYKLIAHOMO
Harpisy, LifkOM NMOBIpHO, ByAyTb BMKOPMCTOBYBAa-
TMCS | Ginbll BENWKOTOHHAaXKHI nedi, OO npuknagy
Hanbinblia iHOYKUiMHa niv B CBITi Ha 65 T ekcnnya-
Tyetbca 3 2014 poky y Kutai [4]. Wo cTocyeTbes
TPWMBaNoCTi NNaBkK, TO BOOCKOHaNeHHs obnagHaHHs
Ta TEXHOJOriA, HOBi TEXHIYHi pilleHHs 3pobnsaTb
CKOPOYEHHSA TPMBANOCTI NIIaBKU NUTAHHAM Yacy i uj-
NKOM OYiKyBaHUM (SIK Lle cTanocs [OCUTb LUBUAKO
nig Yac BUNNaBKM cTani B AyroBUX enektpocranen-
NaBUMNbHUX Neyvax).

BigcyTHICTb MOXNUBOCTI padiHyBaHHA po3nnasy,
AIK Lle peanisyloTb Y KUNCHEBOMY KOHBepTepi Ta Ayro-
Bill enekTpocTanennasunbHin nedi, € BENUKOK Npo-
Onemoto iHAYKUiMHOT nevi, ane cnocobu nosanivyHoi
06po6KK cTani, AKi LWMPOKO 3aCTOCOBYIOTbL CbOrOAHI,
0adyTb 3MOry 3BeCTV 40 MiHIMyMYy i Lo npobnemy. A
pesynbTath, Hanpuknag ogepXXyBaHi Ha yCTaHOBKaXx
BaKyyMHOT iHAYKUINHOT NNaBku Ta iHWWX 3 BUKOPUC-
TaHHAM HOYKUIMHUX neYven nigTBepaXyroTb MOXMN-
BOCTi BMMNMaBKK sIKICHUX MeTanis i cnnaeis [5-6]

HeBucoka CTilkicTb pyTepyBaHHA iHOYKUiIAHOT
nedi [7], Ha Haw nornag, Uinkom po3B'aA3yBaHe iHxXe-
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HepHe 3aBOaHHs, sike 3Hande pilleHHs B Mipy 30i-
NbLUEHHS KINbKOCTI IHOYKUIMHMX NeYven, 3anHATUX Y
MacoOBOMY BMPOOHWMUTBI CTani Ta HapollyBaHHi 06-
CAriB BUMNaBKu cTani.

OTXe, YOTMPU OCHOBHI MPUYNHU, SIKi CTPUMYIOTb
BMKOPUCTaHHSA iHOYKUIMHMX neven y macwTabHomy
BUPOBHULTBI cTani:

- Mana eMHICTb neven;

- TpyBana nnaeka;

- BiACYTHICTb MOXNMBOCTEN pacpiHyBaHHA MeTa-
ny 6esnocepenHbO B iHAYKUINHIN nevi;

- HM3bKa CTiMKICTb (hyTepyBaHHS.

Lli npobnemn maroTb Micue 1 06MEXYTb BUKO-

PUCTaHHS IHAYKLIMHMX Neven Ansi MacoBOi BMNMaBKU
cTani, xo4a 1 nepebopHi B NepCrneKkTuBiI.

TexHonorii oTpuMaHHs NpoaykTiB TBepaodasHo-
ro BiAHOBMIEHHS Ta iX BUKOPUCTaHHA ANS NIaBMeHHS
cTani oTpMMyHOTb PO3BUTOK i CbOroaHI 0bcsarn Bupo-
6HuuTBa MetanisoBaHux DRI i Sponge gocsaratotb
135 mnH TOH Ha pik [8]. lNMpouecn TBepgodasHoro
BiJHOBNEHHS BUKMOYaOTb LOMEHHE BUPOOHMLTBO,
ane BuMaraloTb nepennaBy MeTani3oBaHUX MPOayK-
TiB y OyroBin enekTpoctanennaesunbHin nevi (Puc. 1)
[9]. 36epiratoTbcst Npobnemu 3 NPOAYKTUBHICTIO YyC-
TaHOBOK TBepAoa3HOro BiAHOBMNEHHA Ta eHepreTu-
YHMMM BUTpPaTaMu Ha npouec.

3amizHa pyaa (Kyckosa)
IligroroBka Yeranoka
3aui PYAHOI HIMXTH IIPAMOTrO
alisHa pyna ; Konnentpar OTpHMaHHS
(monpibuenHs, o !
36araueHHs) CPYAKYBaHHS | . | METaNi30BaHo | pp; Tom
(6puxeTyBaHHA) (Gpurerw)| 1O HPOAYKTY
Byrins IMigroroska Konuenrpar ) (DRI)
BYTLLIA BIJTHOBJICHHA
razamH.
Byrinns (kyckose)
Meranompokar | [Ipokarai | Skicua crans | [Jozamiuna Crans Jlyrosa
— < e |
CTaHH 0bpobka €JIEKTPOCTAJIEI
JTaBWIbHA MY
(1ECII)

Puc. 1. TpaguuinHa nocnigoBHICTb OTPMMaHHSA NPOAYKTIB TBepAoda3HOro BigHOBMNEHHS Ta TX BUKOPUCTaHHS

OnNa Nna.fieHHa cTani.

MeTanisoBaHi OpukeTun (okatuui), (ryd4acTe 3aniso -
Sponge), y LbOMY TEXHOMOrYHOMY MaHLIOXKY Chy-
ryloTb Ans MNigWUXTOBYBaHHSA B KUCHEBOMY KOHBEp-
Tepi abo AOyroeii enekTpocTanennaBuibHIN nedvi
[10]. ¥ BCix BMNagkax NpuCyTHIW arperaTt Ans BigHO-
BMEHHA Ta OTPUMMaHHA 3ani3a y BUrnagi 3anisa nps-
MOro BigHOBReEHHs, rybyacToro 3anisa, i ctanenna-
BUIMbHUI arperart Ans po3nnasBreHHs OCTaHHiIX.

ABTOpW po3rnagaTb iHWWA TEXHOMOTNYHUIA NaHLto-
XOK, WO nepenbadae BUKOPUCTaHHS iHOYKUINHOI ne-
4i. BignoBigHO 00 HLOrO, Nia Yac BMMNNAaBKKU cTani He
3aCTOCOBYOTb JOMEHHY MiY, BUKMOYAKOTh KOKC i KOK-
COXiMiYHEe BMPOOHULTBO, HE BUKOPUCTOBYKOTb KUC-
HEeBO-KOHBEPTEpPHUIA arperat abo OyroBy enekTpoc-
TanennasunbeHy nid (Puc. 2).

Iligroroska
3anizHa pyaa PYAHOL IHXTH |y ypenrpar
(nonpibuenHs, o
36aradeHHs) TPYAKYBAHHA | &y
(6pukeTyBaHH:) (Gpuxe)
Byrims IMigroroeka Konuenrpar
BYTLLIA
Meranonpokar | ITpoxkarni | flxicHa cramb | [Josamiuxa Crans Ingykuiiiza mig
—_— ¢ |
CTaHH 00pobka (1IT)

Puc. 2. TexHonoriyHa NOCAigOBHICTb OTPUMAHHSA CcTaneBoi NPOoAYKUil 3 BUKOPUCTAHHAM iHOYKUINHOT nedi Ta

NpoayKTiB TBEpAOda3HOro BigHOBMEHHS.
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MpvHUMNOBMM Yy 3anpomnOHOBaHIA TEXHOSONIYHIN
CXeMi € BUKOPUCTaHHSA iHOYKLUIMHOI neYi K cymile-
HOro MeTanyprinHoro arperaty - nedi ans TBepao-
¢hasHOro BiAHOBMEHHS | pPO3nnaBfieHHAM MNPOAYKTIB
TBEpOodasHoro BiOHOBMNEHHs 3 noganbmm padi-
HyBaHHsM. TBepgodasHe BiQHOBMEHHS MOXe Mpo-
BOOAUTUCA ByrfneLem, 4YacTKOBO BYrneLem i BOAHEM
abo TinbknM BogHeM. B octaHHbOMY Bunagky, Lo Ay-
e BaXNuMBO, peani3yeTbCs KOHUErLUiss «3erneHoi»
MeTanyprii. Tak iHAyKuinHa niY4 CTae OCHOBHUM pPO-
0o4MM MeTanyprinHMM arperaTtom Afsi BUMNIaBKU
crani.

Y3aranbHol4M nepeBarn BUKOPUCTAHHSA iHOYK-
LiHOT NeYi B LbOMY BMNaaKy, BUGINUMO:

- MOXIUBICTb BUKOPUCTAHHA NEPBOPOAHOT pyAHOT
LIMXTK (3ani3HOi, MapraHueBoi, XPOMOBOI Pyau i BY-
rinns);

- peanisauito TBepaodasHoro BiAHOBMEHHS 3 BU-
COKMMM NOKa3HMKaMK 3a NPOAYKTMBHICTIO i CTyNeHeMm
BiHOBNEHHS;

- HEe BUKOPUCTOBYETHCS KOKC;

- B OAHOMY arperaTi npoBoAuTbCA 9K TBepaoda-
3He BiJHOBIIEHHSA, TakK i OTPUMAHHS PO3MMaBreHoro
npoaykTy;

- peani3yeTbCa KOHLEMNLiS «3eneHol» MeTanyprii;

- Mane BWMNApOBYBaHHSA Merylyux enemMeHTIB i
3anisa;

- MOXITMBOCTI TOHKOrO perynioBaHHa TemnepaTy-
pw nig Yac BeAeHHs NpoLLeCiB;

- BiACYTHICTb rpadiToBUX €NneKkTPoAiB fK y Ayro-
Bill enekTpocTanennasunbHin neui;

W o

OO0

Puc.

O

7

FOC

AK nokasanu ekcnepuMMeHTW, peanisauis Takoro
HarpiBy Mae CyTTEBI HEOOMNIKN: HEMOXIUBICTb peani-
3auii po3nnaBneHHs BIOHOBMEHOI LUMXTW; LOCUTb
CKnagHa KOHCTPYKUia cucTtemm obirpiBy 3 rpadito-
BUMMW eneKkTpogamu; BiQHOCHO TpuBanun npouec i3
npobnemamm 3 [OOBaHTaXEHHSIM LUMXTU; HU3bKa
NPOAYKTUBHICTb; BIAHOCHO BENWKWW CTYNiHb Heno-
BiJHOBNEHHS PYAHOI CKNaaoBol.

AHani3 iHWWX MOXNMBOCTEN 003BOMMB 3anpomno-
HyBaTW BMKOPUCTAHHA B SIKOCTi 0GirpiBanbHoro erne-
MeHTa - 3ani3oBMiCHUI MaTepian. Ha nepliomy eTa-
ni BUKOPWUCTOBYBanuM MoJpPIOHEHWI FerkoBaroBui
MeTanesunn NoMm, SKMN 3aBaHTaxyBanu B iHOYKUiAHY
nivy pasom i3 pygo-ByrinbHOK cymiwwio. CnocTepi-
ranv eekTMBHe HarpiBaHHsS pyAo-BYriflbHOI CyMillli,
BiJHOBNEHHS Ta noAarnblue po3rnaBfeHHs WUXTU. Y
LbOMY BUMNAAKy nNraBkKy NPOBOAWMU OO OTPUMAaHHSA
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- NepcrneKkT1BY, Lo BiAKPUBAKOTLCA, LUMPLLOro 3a-
CTOCYBaHHS iHOYKUIMHOro HarpiBy 4S5 BUCOKOSIKICHOT
MeTanyprii Ta peuunknidry.

IHOYKUIMHaA Niv MOXe po3rnsgaTncs K yHiBepca-
NbHUR arperat Ans MiHi MeTanyprinHMx 3aBofiB.
YHiBepcarnbHiCTb IHAYKUIAHOT NeYi y LuboMy BUnagky
e 1 y TOMy, LLIO TEXHOSOri0 MOXHa peanidyBatu Ta
3aBepLUMTU SK Ha eTani OTpMMaHHSA NPoayKTy TBep-
[0(ha3HOro BIAHOBMEHHA, TakK i OTPUMaHHSA pPigkoi
cTani.

OCHOBHUM MPUHUUNOM poBOTH IHAYKUINHOI Mevi €
HaBegEeHHSA MarHiTHUM nonem cTpymis dyko B MeTa-
NEeBIN WKNXTI, NepeTBOPEHHSA eNeKTPUYHOI eHeprii B
TEnsnoBy, HarpiB Ta poannasneHHs meTtany [11-12].
3aBasiku Uin cneumdidi it poboTn, NnpoBeAeHHS Ha-
rpiBy OKCMAHOI CKNagoBoOi Ana TBepaodasHoro Bia-
HOBIEHHS B iHAYKUINHIN nedi paHiwe He posrnsga-
nn.

ABTOpM peanidyBanu OnocepeakoBaHWWA Harpis
pyOo-ByrifibHOI CyMillli B iHAYKUiMHIN nevi 3a gono-
moroto rpadgpitoBmx enekrpogis (Puc. 3). B iHaykuin-
HY M4 nomiwanu rpadiToBi enekTpogun, 3acunanu
PYAO-BYFifbHY LUUXTY i NPOBOAMAN iHAYKUIMHWMIA Ha-
rpie rpadpiToBNX enekTpopais, ski, B CBOK 4epry, o0i-
rpisanu, pyao-ByrifnbHYy CyMill Wwo ix otovyBana. Py-
[O-ByriflbHa CyMmilW AOCUTb LWBMAOKO nporpisanach
0ina noBepxHi rpadiToBUX enekTpodiB i 3 HeBenu-
KO LIBMAKICTIO, B 30HaX, BigaaneHux Big rpadito-
BMX enekTpoAis. [Ins NpMCKOPEHHs1 HarpiBaHHA Bia-
AaneHnx AiNgHOK NOTPiGHO Byno posTawysaHHSA Bi-
MbLUOT KiNbKOCTI rpadiToBUX enekTpoAiB Ta 3MeH-
LUEHHs BiACTaHi Mk obirpiBalodvMmu enekTpogamu.

3. Cxema onocepenkoBaHOro Harpisy pygo-
BYFiNbHOI CyMiLi B iHAYKUiNHIN nedi 3a 4ONOMOrow rpa-
diToBMX enektpogie (1 — rpaditoBun obirpisay iHAYK-
LiMHa niy, 2 — pygo-ByrinbHa cymill, 3 — iHAYKTOP neui).

pigkoro mMetany, i Ha eTani OTpMMaHHSA MPOAYKTY
TBEPAOMA3HOro BiAHOBMEHHS, BiOOKPEMUTU NOro Bif
MEeTareBoro fIoOMy He BUSIBIIANOCS MOXITMBUM.

OnTuManbHUM i3 PO3rMAHYTUX BUSBUBCA BapiaHT
BMKOPUCTaHHS PYyAO-BYrinbHOI cymiwi 3 ApibHoguc-
nepcHNM BigHOBMEHMM rybyactum 3anisom (3aniso-
BMiCHMUM maTtepianoMm - 3BM). Y ubomMy Bunagky, sk
nokasaHo Ha Puc. 4, posTallyBaHHs 4acTMHOK B
OKaTULLi BKIIOYAE YaCTMHKM MeTarnisoBaHoi ryoku,
BYriNNsA Ta 3anisopyaHOro KOHUEeHTpaTy. 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 yacTuHky 3BM B
ernemMeHTi o6'emy okatuwy (OpukeTy) npunagae
2 YaCTVHKMN PYOHOro KOHLUEHTpaTy i 9 YyacTMHOK BY-
rinns.
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@ 3anizoBmicHuii Marepiain — 3BM (Sponge)

. Byriuis

O 3anizopyauuii konueHrpar — 3PK e

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

Cxema TBepaoasHoro BigHOBMEHHS Yy 3anporno-
HOBaHin cymiuwi y cknagi okatuwy (6pukeTy) npea-
cTaBneHa Ha Puc. 5.

YacTuHkn 3anisa y cknagi okatuwy (6pukety) €
obirpiBanbHUM enemMeHToM, siki npu obirpiBi nepe-
OalTb TENMo OTOYYHYMM X YacTUHKaM BYrinnga Ta
pyaHoro KoHueHTpaTty. OG6irpiB 4acTUHOK BYyrinns

BigHoBneHHa remaTtuty ige no cxemi (1) npu
LUbOMY NOCMIJOBHO MPOXOAATb peakLii BiAHOBNEHHS
(2-4) [13].

F6203 —> Fe304 — FeO - Fe (
3Fe>03 + CO — 2Fes04 + CO» (
Fes304 + CO — 3FeO + CO2 (3)
FeO + CO — FeO + CO> (

6MnO, +3C — 3Mn,0; +C

+c, i\
!
co
! !
3CO co

—2Mn,0,

npu3BoAMTbL 00 iX rasudikalii, a MOHoOKCUa Byrne-
L0, SIKUA NPU LIbOMY BUBINBHIOETLCS, BiAHOBIOE OK-
cuam 3anisa y HarpiTmx YacTvHKax pyaHOro KOHLEH-
TpaTy. BpaxoBylum n - KinbKiCTb 4acTMHOK 3arnisa
BOHW OPraHi3oBYOTb HarpiBaHHA okaTuwy (OpuKeTy)
BCepeanHi noro ob'emy.

Puc. 5. Cxema BigHOBNEeHHs1 oKcuAiB 3anisa B 3ani3o-
pyLo-BYriNIbHOMY OKaTuLLi (GpUKeTi).

MapanenbHO gocnigKyBanu MOXNUBICTb BiJHOB-
NEHHS OKCMAIB MapraHuto y OGpukeTi: MapraHueBui
KOHLIeHTpaT — BYrinns — BUCOKO Byrneuesuin epo-
MapraHeub. [Ons  nocnigoBHOro  BiAHOBIEHHS
MnO2z — Mn203 — Mn3Os4 — MnO kinbkicTb Byrinns
obuvpanu goctaTtHiM Ans BiQHOBMNEHHS OKCuAiB Map-
raHuto (Puc. 6). MNpu ubomy Byrneuesun depomap-
raHelub CryryBaB OCHOBHWM HarpiBayem B YMOBax
po60oTK iIHOYKUINHOI nevyi.
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Puc. 6. Cxema nocnigoBHOro BigHOBMNEHHSI OKCUAIB MapraHujo.
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Ha Puc. 7 HaBegeHO cxemy MOCNIAOBHOrO TBEpAO-
has3Horo BiOHOBMEHHS B PyAO-BYriNbHOMY OKaTuLLUi
Ta enemeHTi hepomapraHeLlb-pyao-ByrifibHOro OKa-
TMwa (bpukety). B 06ox Bunagkax BigHOBHWKOM €
MOHOOKCKUA, BYrneuto K NpoayKT rasudikauii Byrin-
na. MNpu TBepaodasHOMy BigHOBIIEHHI oKkaTuwia Mmo-
ro HarpiBaHHs peanisyeTbCsa HarpiTuMm MOHOOKCUAOM
Byrfeu, Wo ob6Tikae nMoBepxH okaTuwa. B ene-
MeHTI okaTuwa (bpukeTy) KOHUEeHTpaT MapraHueBoi
pyau i BYrinns HarpiBaloTbCs YaCTUHKOKO BYrneLeBo-
ro poepomapraHuto B okatuili (bpukeTi). 3 ornagy Ha
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Te, WO MeXaHi3M i nocnigoBHiCTb TBepaodasHoro
BiAHOBMEHHSA B 000X BuMnagkax 6nm3bki, NPUHLMMNO-
BUM € pO3Mipu okaTuwiB (GpuKeTIB) 3 HarpiBaHHSAM
Bi NOBEPXHi A0 LEHTPY i BIQHOBMOBAHOI YaCTUHKK
KOHUEeHTpaTy MapraHueBoi pyan [14], HarpiBaHHS
SKOi BigOyBa€ETbCA Bif MOBEPXHiI MeTaneBoi YacTuH-
Kn BrimMb® pyno-BYriNbHOI WKMXTU. Po3mip okaTuwy
(6pukeTy), Hanpuknag, Moxe crtaHoBuTn 20-30 MM,
TOAI 9K PO3MIP YAaCTUHKM KOHLUEHTpaTy MapraHLueBoi
pyou B okatuwi (6pukeTi) go 1-2 mm, 10670 Ha 2-3
NOPSIAKN MEHLLNNA.

. - e - .
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Puc. 7. Cxema nocnigoBHOro TBepaodasHoro BiAHOBIIEHHS B pyA0-BYriflbHOMY OKaTULLi Ta enemMeHTi 3ani3o-

pyOo-ByrinbHOro okatuwa (bpukeTy).

Moauuis 1 Ha Puc. 7 npeacTaense iHKybauinHWn
nepiog, KonuM B CUCTEMI, Hacamnepes 3a paxyHOK
HarpiBaHHs, (POpPMYyIOTbCA YMOBU ANS NPOTIKaHHA
peakuin TBepgodasHoro BigHoBneHHSA. lNicna gocs-
rHEHHs TemnepaTtypu rasudikauii Byrinns i noyartky
npouecy TBepaoda3Horo BiAHOBMNEHHA Ha NMOBEPXHi
okaTuwiB abo 4YacTMHKKU 3ani3opyaHOro KOHLEeHTpa-
Ty NpoTiKae peakuis BiAHOBMEHHA MOHOOKCMAOM BY-
rmeyto MnO2 go Mn203 3 yTBOPEHHSM CKOPWHKMK
BiJHOBNEHOro OKCMAy Ha MOoBepxHi (nosuuiga 2 Ha
Puc. 7).

Mopanblue npocyBaHHA Harpisy MOHOOKCUAY BY-
rneuto Brnnb CTBOPIOE YMOBW NPOTIKaHHS Tam TaKoX
BigHoBtoBanbHoI peakuii MnO2 go Mn203. BogHo-
yac y AinsHui, 6rM3bKin 00 NOBEpxHi, Mae BigHOB-
neHHs Mn203 go Mn3Oa. Y noauuii 3 Puc. 7 nokasa-
HO npocyBaHHA OPOHTY MiABeAEHHS BiAHOBHWKA i B
NPOTUNEXHOMY HaMpsAMKY BigBeAEHHS ra3onogibHo-
ro npoaykTty BigHoBneHHs CO2. lNMepioan 2 i 3 xapa-
KTEepU3YIOTbCA (HTEHCMBHUM MNPOTiKaHHAM TBEepao-
¢asHoro BiAHOBMNEHHS.

Mosuuis 4 Ha Puc. 7 nokasye, sik peakuii TBep-
AoasHoro BIAHOBMEHHA OTPUMYIOTb MNOAanNbLUNIA
po3BUTOK. HarpiBaHHs | nigBegeHHs MOHooKcuay
Byrneuto Big nepudepii 4o LeHTpY Aae 3MOry YMOB-
HO BMZINMTM YoTupu obnacTi. B ginsHui, 6nunsbkin
00 MOBEpXHi, NpoLecu BiQHOBMEHHS OKCUAIB Mapra-
HU MapraHeub-pygHOro KOHUEHTpaTy 3aBepLueHi
Ha eTani bopMyBaHHs ckopuHkn MnO.

HactynHa Brnmnb obnactb npeactaeneHa Mn3zOa.
Y Hin 3aBeplleHi peakuii BigHoBneHHs Mn20s go

MnzO4. OJani npoxoantb obnactb, Ae 3aBepLUyTb-
cs nepetBopeHHss MnO2 Ha Mn20s. Y ueHTpanbHin
obnacTi, Kyan He OOCTaBMNEHO BiOHOBHUK, Lie 36epi-
ratotbcst okengn MnOz. Y nosuuii 4 Puc. 7 iHTeHcu-
BHiCTb TBepAoda3HOro BiJHOBMEHHA 3MEHLUYETLCS,
OCKinbku ckopuHka MnO, Wwo yTeopunacs Ha noeep-
XHi, NnepeLwKkompKae OOCTaBLi BiAHOBHMKA B 30HU pe-
akuii. Ans okatuwis (6pukeTiB) po3mipom 20-30 Mm
OCTaHHE MOXe OyTU iCTOTHMM (hakTOpOM YMOBIfb-
HEeHHs TBepaodasHoro BigHoBNeHHs. B depomap-
raHeUb-pyno-ByrifbHMX okaTuwax (bpukeTtax), oye-
BWAHO, MpoLecH BiAHOBMEHHSA NOYTb Y 30HANbHOMY
pexumi, a He CTyniH4acTO, HarpiBaHHA YaCTUHOK i
JocTaBka BiJHOBHMKA [0 €neMeHTIB MapraHeLb-
pyOHOro KOHUEHTpaTy okatuwiB (bpukeTiB) Bigdy-
BalOTbCA AyXe LUBUAKO (NPakTU4HO MMUTTEBO), MpO-
brnema 3 yTBOpPeHHAM kopoykn MnO Ha noBepxHi
erieMeHTa ManonumoBipHa W o4eBUOHO, HaniMOBIp-
Hiwe, BiACYTHS.

Mosuuito 5 Puc. 7 xapakrepusye BiACYTHICTb B
okaTuwi abo B 4acToyui MapraHeub-pygHOro KOH-
ueHTpaty okcuay MapraHuio MnO2. LeHTp npegn-
ctaeneHun Tenep Mn203, obnacti MnzO4 i MnO 36i-
nblyoTbed. MNpouecn TBepaodas3HOro BiAHOBMNEHHA
CMOBIMbHIOTLCS | MOYTb A0 CBOro 3aBeplUeHHs. Y
nosuuii 6 Puc. 7 npeacraBneHi Tinbku OBi BifHOCHO
Benuki obnacrti: y ueHTpi HegosigHoBneHnn MnzOq i
nani oo noeepxHi BigHoBreHun okcug MnO. TMpwu
noganbLui AoCTaBLi MOHOOKCMAY BYrfeLuto OO LeH-
TPY i NpoTikaHHi BigHOBNeHHs Mn304 npouec TBep-
[O0a3HOro BigHOBMEHHS 3aBepLUyETbCH, | OKaTuL

17



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2023, Ne 4
Theory and Practice of Metallurgy, 2023, No. 4

abo 4YacTMHKa MapraHeub-pygHOro KOHLIEHTpaTy
okaTuwy (6pukeTy) (SIK | BECb OpMKET) NpeacTaBreHi
cBixoBigHoBreHumMm MnO (nosuuis 7 Ha Puc. 7).
MpenctaBneHa cxema Aae 3MOry BUOKPEMUTM
TpU XapakTepHi nepiogn TBepaodasHOro BiOHOB-
NeHHS: iHKy6auinHMI, 3i 3pOCTalo4O0 IHTEHCMBHICTIO
TBepAo(a3HOro BiAHOBMEHHSA Ta 3i 3MEHLUYBaHO
iHTEHCUBHICTIO TBEpPAOdA3HOro BiIHOBIEHHS.
OcTaHHin Mae BupaxeHe NpeAcTaBneHHs npu Bia-
HOBINEHHI pyao-BYriflbHUX OKaTMLIB Yy MOTOKax Ha-
rpiToro BiAHOBHOrO rasy i BiACYyTHin B yMOBax TBep-
AodasHoro BiAHOBMNEHHS 3a po3pobrieHMM cnoco-
6omM TBepaoda3HoOro BiQHOBMNEHHS 33 YMOBW iHOYK-
LiHoro Harpisy epomapraHelb-pyao-BYrifibHUX

OpuKeTiB, WO ICTOTHO MigBULLYE LUBMAKICTb TBEPAO-
¢ra3HOoro BiAHOBMEHHS i CTYMiHb BiAHOBMNEHHS.

HaBegeHa Ha Puc. 7 cxema € aHanoriyHow i y
BUNAOKy BIOHOBNEHHA rematuty y dopmi pyao-
BYFiMIbHOrO Ta 3ani3o-pygo-BYrinbHOro okatuily
(6pukeTy) 3 TiElo nuLwe BIOMIHHICTIO WO B LbOMY BU-
nagky KiHUeBWM NPOAYKTOM BiJHOBMEHHS € MeTarne-
Be 3ani3o sike oApasy BKIYAETbCHA B NpoLEeC Harpi-
BY BiZl MarHiTHOro nons iHAyKUinHOI neui wo pobuTtb
Takui NpoLec aBTOKaTONITUYHUM.

lMpoBeaeHO MOPIBHSAHHS OCHOBHUX XapaKTepuc-
TUK BIOHOBMNEHHA pPy4HO-BYFNBLHOMO Ta 3aniso-
pYyAHO-BYrinbHOro okatuwy (6pukety) (

Tabnuus 1. NopiBHAHHA OCHOBHWUX XapakTePUCTMK BIGHOBIEHHS PYAO-BYriNbHOMO Ta 3ani3o-pyao-ByrifbHOro

OpukeTy.
Pyno-ByrinbHumn 3anis3o-pyao-ByrinbHUn
Okatuw (6bpukeT) okatuw (bpuker)

Matepianu:

PygHa cknagoBsa + +

Byrinns + +

3BM - +

MoXnuMBIiCTb HarpiBy B iHOYKLUiNHIN nevi - +

BigHOBHUK C, BHyTp. C, BHyTp.

TennoHocin 30BHILLHIN 30BHILLHIN

Twn BigHOBNIOBANbLHOIO Npouecy PpoHTanbHO-LapoBui dpoHTanbHUN

BusHauanbHi napameTpu Temnepatypa, po3mip Temnepatypa
BpukeTy

pagieHT Temnepartyp + -

[‘pafieHT KoHUeHTpaLin - -

Tennosi NoTokn Big nepudpepint 4o LeHTpyY B ob’emi

[MoToKM BiGHOBHMKA B ob’emi B ob’emi

LLIBnakicTb BiAHOBNEHHS He Bucoka Bucoka

CTyniHb BiAHOBNEHHSA [ocTaTtHbo BUCOKa Bucoka

EHeprocnoxunsaHHs Bucoke Husbke

MaTtepianu Tta metoau pocnipxeHHA. [Mpose-
OEHO eKkcrepuMeHTanbHe MiATBEPMKEHHS 3anpono-
HOBaHOro MeTOAY BiAHOBMEHHSA Yy NabopaTopHUX iH-
OyKUiMHUX nevax noTyxHictio 5 i 50 kBT. Bukopuc-
ToByBanu OpukeTn giameTpoM 35 MM i TOBLUMHOW
0o 7 MM, a Takox diameTpom 18 MM i TOBLUMHOO
8 MMm. CyMill MarHeTUTOBOrO KOHLEHTpaTy, Byrinns
Ta MeTanisoBaHOro 3arnisa niggaBanu OpukeTyBaH-
Ht0. BprkeTn nomiwanu B iHOYKUIAHY Miy.

KoHTponb TemnepaTtypu 3gincHioBanu 3a [ono-
MOrol TepMonapu, nomiweHoi B Turens. LLBnakicTe
HarpiBaHHsa 4O TemrnepaTypu novaTtky ByrreLeBoTe-
pMiYHOro BigHOBREHHS, nNpnbnuaHo 1000 °C, ctaHo-
Buna 20-25 °C/xB.

Y no4yaTkoBWUW nepiod HarpiBy MNOTYXHICTb nedi
ctaHoBuna 30—40 %, WO A03BOMANO HarpiTu LKUXTY
00 TemnepaTypu noyaTky BiAHOBMEHHSA. B mipy pos-
BWUTKY MpOLEeCcy BiAHOBMEHHS i NOSIBU MeTaneBoro
3anisa (MpogyKTy BiOHOBIEHHS), TeMnepaTypa Ta iH-
TEHCUBHICTb MpoLecy BiAHOBMEHHA 3pocTana, Lo
CynpoBOKYBaNocs iHTEHCMBHUM BUAINEHHSM rasis.
Nani, onsa 3abeaneyeHHs Ginblw NoBHOro TBepaoda-
3HOrO BIOHOBMEHHA HaBaHTaXXEHHA nedi TPOLUKM
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3HWXyBanacb. B Mipy 3aBepLUeHHsI BiHOBMEHHS iH-
TEHCUBHICTb BUAINEHHSA rasiB 3MeHLlyBanach.

Becb npouec BiAHOBNEHHS NPOTiKaB B i30TEPMIY-
HOMY pexuMmi, npu MOcCTinHin Temnepatypi 1100—
1200 °C. lNoBHa MeTanisauigd KoOHLeHTpaTy 3aBep-
wysanacs npubnusHo 3a 1 roguHy. MNpoayKT BigHO-
BNEHHs oxonoakysanu Ta niggasanu aHanisy. Ok-
pemi ekcnepumMeHTU 3aBepLUuyBany pPO3MnIaBfeHHAM
OTPUMaHOro MeTarnizoBaHOro NPOAYKTY i BAUBaAHHAM
B NMiTHUK.

XiMiYHUIA aHani3 BigHOBIEHOI MeTaneBoi ryoku
(3nuBka) nokasae BMicT Fe>98 %. Bucoka edekTus-
HICTb 3anpornoHOBaHOro MeTody TBepAodasHoro
BiJHOBIEHHSA Ta BUNMaBku ctani 6yna nigTeepmpkeHa
Ha nnaeBkax B MPOMWUCIOBIN 7 T iHOYKUIAHINA neui.

B ekcnepumeHTax 3 depomapraHeLb-pyao-
BYriNbHUMKU OpukeTamu TBepaodasHe BigHOBMEHHS
CyNpoOBOIKYBaNOCh FOpPiHHAM chakeny Haj noBepx-
Hel LWNXTM Ta 3aBepllyBanocb Ha cTagii BigHOB-
neHHs okcuais o MnO. ligBuLWEHHS TemnepaTypu
nNpu3BOAMMIO [0 pPO3NMaBfieHHA Ta BiOHOBMEHHSA
MnO BigbyBanocbk y pigkin dasi 3 OTpUMaHHAM BU-
COKO BYrneueBoro oepomapraHLio.



PesynbTatun pocnimxeHHA. Po3paxoBaHO Kifnb-
KICTb YaCTMHOK 3ani3opygHOro KOHLEHTpaTy Ta By-
rinnsa, Ski npynagarnTs HA OAHY YaCTUHKY HarpiBa-
NbHOro 3ani3oBMICHOroO Martepiany B enemeHTi 006'e-
My BpUKeTyY, NpuK YacTui 3ani30BMICHOro MaTepiany B
6pukeTi 10, 20, 30, 40 i 50 %.

Y Tabn. 2 nokasaHo, L0 Mpu YacTui 3anisoBMIiCHOro
matepiany 10 %, ogHa YacTMHKa OCTaHHbOro (po3-
Mipom 0,5 MM) NOBUHHa Harpitn 11 yacTMHOK 3ani-
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30pyaHOro KoHueHTpaTty (po3mipom 0,5 mm) i 87 va-
cTMHOK Byrinnsa (poamipom 0,25 mm). 3i 36inblueH-
HSAM KiNbKOCTi 3ani3oBMiCHOro maTepiany B OpuKeTi
KINbKICTb YaCTMHOK 3ani3opygHOro KOHLUEeHTpaTy Ta
BYFiNAS WO HarpiBaloTbCs 3MEHLUYETbCA. Tak, npu
30 % w4acTui 3anizoBmicHOro matepiany B OpukeTi,
KiNbKICTb 4aCTMHOK 3amni3opygHOro KOHLUeHTpaTy Ta
BYrinns WO HarpiBaoTbcsa cknage 3 i 23 BignosigHo,
a npn 50 % yvactui- 1i10.

Tabnuuga 2. KinbKicTb YacTUHOK B enemeHTi 06'eMy BpukeTy

Honsa 3BM B
)

Opuketi, % | 49 20 30 40 50

MaTepian
4MCIO YAaCTUHOK B eNleMeHTi 06’eMy BpuKeTy

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

Ha Puc. 8 HaBegeHo pesynbTaTu po3paxyHKy
AVHaMIKN HarpiBaHHs 3anisaopyaHOro KOHUEHTpaTy B
okatuwi (bpukeTi) B 3aneXHOCTi B 4acTKu 3ani3oB-
MiCHOro maTtepiany, akTU4HO Bif KiNbKOCTiI YacTu-
HOK 3arni3opygHoOro KOHUEHTpaTy, ki npunagalTb
Ha 1 YaCTWHKY 3anisoBMiCHOro maTepiany wWo rpie. Y

1400

po3paxyHkax TennoobmiHy, macy i BnacTMBOCTI Ma-
TepianiB npuAmManyM NOCTIMHUMKU NPOTArOM BCbOro
npouecy HarpiBaHHA. Po3paxyHOK HarpiBaHHs npo-
BOOMNW ONs WBWOKOCTI HarpiBaHHs YacTUHKK 3ani-
3oBMmicHoro matepiany 1 K/c.
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Puc. 8. lnHamika HarpiBaHHs 3amni3opyAHOro KOHUEeHTpaTy B 3anexHocTi Big BmicTy 3BM (1 — temnepaTtypa
3BM; 2—6 — Temnepatypa 3anisopygHoro koHueHTpaty npu Bmicti 3BM — 10, 20, 30 ... 50 % BignosigHo).

Konn ogHa 4acTuHKa 3ani3oBMICHOro maTtepiany
Lo rpie npunagae Ha OAHY YaCTUHKY 3ani3opyaHoro
KOHLIeHTpaTy (BMICT 3ani3oBMiCHOro marepiany B
WmnxTi okatuwy (bpukeTy) ctaHoBuUTb 50 %), Harpi-
BaHHSA OCTaHHbLOI BigOYyBaeTbCS LWBUAKO, i rpagieHT
TemnepaTyp MK HarpiBanbHUMW Ta TUMW WO Harpi-
BalTbCA YaCTUHKaMu HU3bkuin (Ha 10-ih XBUNWUHI Ha-
rpiBaHHs rpagieHT ctaHoBuTb 20 °C). lpn 3men-
LeHHi BMICTy 3ari3oBMiCHOro martepiany B LUMXTI
okaTuwy (6puKeTy) KiNbKIiCTb YaCTUHOK 3ani3opyaHo-
ro KOHUEHTpaTy, sika Mpunagae Ha OdHY YacTUHKY
3anisoBMiCHOro marepiany, 36inblyeTbCS, WO YMo-
BifIbHIOE HarpiBaHHs YaCTMHOK KOHLIEHTpaTy i 36inb-
Lwye rpagieHTn TemnepaTtyp MK HarpiBanbHUMMK Ya-
CTMHKaMKM Ta YaCTuHKaMM Lo HarpiBatoTbcs (Ha 10-
i XBUNWHI HarpiBaHHA rpagieHTn Temnepartyp CTa-
HOBNATL, BignosigHo, 40, 100, 220, 430 °C npu BMi-
cTi 3anizoBmicHoro matepiany 40, 30, 20 Ta 10 %).

3i 30inblUEHHsIM BMICTY 3ani3oBMICHOro martepia-
ny B OpukeTi TennoBi MOXNMBOCTI e(PEKTMBHOIO Ha-
rpiBy 4acTMHOK 3amni3opy4HOro KOHLIEHTpaTy Ta BYy-
rinns, gki HarpiBaTbCA YaCTUHKaMM 3ani3oBMiCHOro
MaTepiany, 3pocTaloTb. Tennosi NOTOKM Bif YaCTUH-
KW 3anizoBMIiCHOro martepiany LwBuille Ta edeKkTms-
Hille HarpiBalOTb MEHLLY KiNbKiCTb YaCTOYOK 3ani3o-
PYAHOro KOHLEHTpaTy Ta BYrinns.

TakvMM YMHOM, iCHYE MiHIManNbLHO [AOMyCTUMUN
BMIiCT 3ari3oBMIiCHOrO MaTepiany B OpwukeTi, npu
sakoMy (i Buwie) 3abe3nedyeTbCs edeKkTUBHE Harpi-
BaHHA BpukeTy. FK mokasanu po3paxyHku Ta npose-
OeHi ekcnepumeHTu, npu BMicTi B 6pukeTi 30 % Ta
Ginble 3ani3oBMiCHOrO mMaTepiany, HarpiBaHHs Big-
ByBanocs AocuTb LUBUAKO, @ NPWU BMICTi MEHLUE HiX
30 % peanizadia HarpiBy 6yna npakTU4YHO BaXKO
3[iiCHEHOI0.
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OkpiM NPUHLMNOBOI MOXITMBOCTI HarpiBy Ta Big-
HOBIEHHS 3ani30-pyAo-BYriflbHOrO GPUKETY B iHOYK-
LifHIA neuvi, 3MIHIOETbCA XapakTep TennoobmiHy B
6pukeTi. [kepeno Tenna 3HaxoguTecs 6e3nocepen-
HbO B 30Hi peakuin rasucikauii Ta BigHOBNEHHS, Y
TOM Yac, 9K B pygo-ByrinbHOMY GpuKeTi, Npy 30BHi-
LWHIN nogadi Tenna, BHYTPILHI Wwapu bpukeTy oTpu-
MYIOTb TENMO i3 3ani3HEeHHAM BHACNIAOK CNpoTUBY
TennonposiagHocTi. B 3ani3o-pyno-ByrineHomMy 6pu-
KeTi BiACYTHI rpagieHT TeMmnepaTtyp i KOHUEeHTpauin,
a BM3Ha4yanbHMM NapaMeTpoM € TemnepaTypa npo-
Lecy, sika CBOEK Yeprow 3adacTbCs MOTYXKHICTHO iH-
AyKuinHoro Harpiey. B pesynbTtaTi 3abe3nevyotbes
BMCOKI LUBUAKICTb | CTYMiHb BIQHOBIEHHS.

YHiBepcanbHiCTb 3anponoHOBaHOI TexHomorii B
iHOYKUIMHIN nedi nonmarae y npoBedeHi nnaBku B
€ONHOMY MeTanyprinHomy arperaTi 3 MiHiManbsHUMun
eHepreTMYHNMN Ta maTtepiansHumMu BuTpatamu. Mo-
Janblli AOCNiMKEeHHs nokasanu BinbLy WMpPOoKi MOX-
NMBOCTI OTPUMAaHHSA MapraHueBux CnnasiB 3 BWKO-
PUCTaHHSIM MapraHueBOro KOHLIEHTpaTy Ta BUCOKO
BYrneLeBoro pepomapraHLto.

BucHoBKkuM

3anponoHoBaHO TBepAodasHe BiOHOBIEHHSI Ta
BUMNNaBKy CTani npoBoAMTW B OOHOMY MeTanyprin-

HoMy arperaTi. B 4koCTi yHiBepcanbHOro arperarty
BMKOpPUCTOBYBanacs iHgykuiiHa nivy. Anpobysanu
HarpiB pygo-ByrifibHOI CyMilli B iHOYKUINHIA nevi 3a
AOMNOMOrol  rpaduiToBMX €nekTpoais, MeTaneBoro
nomy. OnTuUmManbHUM BUSIBUBCSI BapiaHT BUKOPMUC-
TaHHs okaTuwiB (GpuKeTIiB), WO BKOYaOTb MeTani-
30BaHy rybky, Byrinns Ta 3anisaopyaHuin KOHLLEHTpaT.

Y 3anis3o-pygo-ByrinsHomy 6pukeTi peanisyeTbes
dpOoHTanNbHMIN MeXaHi3aM BiQHOBMNEHHS: TEMMNOHOCIN i
BiHOBNIOBAY 3HAX0OATbCS BCcepeauHi 6pukeTy, Biag-
CYTHi rpagieHTn Temnepatyp i KOHUEHTpauin, a Bu-
3HayanbHUM NapaMeTpoM € TemnepaTypa MpoLecy.
lMpoBedeHi eKkcnepuMMeHTn nigTBepaMnN  BUCOKY
eeKTBHICTb 3anpornoHOBaHOro cnocoby TBepao-
¢asHoro BiQHOBMEHHA Ta BWUMNaBKW cTani. YHiBep-
CanbHiCTb CMOCOBY Ta BMKOPUCTaHHSA iHAYKLUiIAHOT
nedi, 9K nokasanu ekCnepumMeHTn, y ToMy, WO peani-
3yBaTu Ta 3aBepLUyBaTW TEXHOMOrYHUIA Npouec Mo-
XHa SIK Ha eTani oTpUMaHHSA NpoAyKTy TBepaodas-
HOro BiOHOBIIEHHS, TaK i OTPMMaHHS pigkoil cTani.

[oBegeHa mpuHUMNOBa MOXMNMBICTb BigHOBMEH-
HS OKCWAIB MapraHuto B iHAYKLiAHIM nedi 3 noganb-
UMM NABMEHHSIM | OTPMMAaHHSIM BUCOKO BYrIELIEBO-
ro doepomapraHuo.
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I'oayé6 LB., biaa 0.B., Hocko 0.A., Kog3ik A.M.
JlocaixxkeHHs MOBEAIHKHA a30Ty MPH 00po0Ii MeTany

Holub L.V., Bila 0.V., Nosko 0.A., Kovzik A.M.
Study of nitrogen behavior during metal processing

Mema. BugyeHHsi nosediHku azomy ripu obpobui Memarsy 2a308010 CyMiWiLt0 ma fpu PO3KUCEHHI Memary, momy wo
00HUM 3 Halbinbw rnowupeHux criocobie 06pobku cmari 8 Kigwi € npoyecu Po3KUC/IeHHs1 Memarly, npodye8aHHs Mema-
Ny iHepmHUMU 2azamu ma 8aKyyMyeaHHs1 cmarii.

Memoduka. TepmoduHamidHi ma KiHemuyHi po3paxyHKu, Mamemamuy4Ha modesib, Wo 00380/IS€ Po3paxosysamu Kirb-
KiCHI MOKa3HUKU rpu PO3KUC/eHi Memarsy ma fpu eudaneHHi po34yuHeHUX 2asie 3 memarly npu no3aniyHit obpobuyi ma
aHanizysamu npouecu, siki 00CiOXYyHMbCS.

Pesynbmamu. [pu npodysaHHi apeoHOM Memarly Ha ycmaHo8Ui Kigw-riy tio20 noe8epxHsi nosuHHa bymu 8idKpumoro
8i0 wnaky, ane npu ubomy eidbysaembcsi napanenbHuUll nepexio 2asy 3 ammocghepu 8 Memarl, OCKiflbKU WiaK € 3a-
XUCHUM r1oKpugom memary 8id ammocghepu. Takox Ooka3aHoO, WO CriHI8aHHs WilaKy erueae fuwe Ha emicm azomy
8 mMemari ma 00360515i€ 3HU3UMU U020 KOHUeHmpauito Ha 0,001 %. Takox Ooka3aHO W0 a3om He € MPUYUHOK 8UHUK-
HeHHs1 Makpodeghekmie 8 memarnesili 3aecomosyi. 3’9coeaHo 8rnaue a3omy, anMiHilo ma mumaHy Ha YymEOPEeHHS
Himpudie 8 memanni, sikul nornepedHbo 0bpobrisiecs 2a308010 CyMilly, sika y c8oeMy cknadi emiljysana asom.

Haykoea Hoeu3Ha. Po32nsi0 mepmoduHaMiqHUX ma KiHemu4HUx ocobriugocmell pO34UHEHHs a3zomy 8 memarni npu
po3kucrieHHi, npodysui eazamu Memarly 8 Kigwy 003807usnu 3'scysamu mernno ma MacoobMiHi npouecu nosediHku
azomy y memari, ujo 6yde cripusimu nepcrnekmusi po3pobku HO8OI mexHosoaii kogwoegoi 06pobku Mmemarty.
lMpakmuyHa 3HavYywicmb. Moxnugicmb gukopucmosysamu Cymiw 2asie, Wo micmums asom, npu rnpodysui cmanel
binbWw WUpoKo2o copmamMeHmy 3 ypaxyeaHHsIM noeediHKU a3omy fpu pO3KUCIIEHHI Memary, SKul Moxe mamu niosu-
weHuli emicm po34yuHeHo2o aszomy. 3a doromoeor docmamHix Kinbkocmel npucadXeHo20 mumaHy MOX/IU8o
HelUmpanidysamu 0it0 azomy 8 cmarsix, Wo Micmsimb antoMiHil, | mum camum crpusimu ycyHeHHro eghekmie ma ro-
KpalweHHIo IKOCMi 1IUMmoi 3a20MO8KU MaKOX 3a paxyHOK 8e0eHHs rpouyecy 0b6pobku memarty rid CriiHeHUM WI1aKoM.
Knroyoei cnoea: memarn, nosaniyHa o6pobka Memarly, 2a3oea CyMmill, a30m, apaoH, antoMiHil, mumaH.

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 dur-
ing 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
ladle metal processing.

Practical significance. Use a mixture of gases containing nitrogen when blowing a wider range of steels, taking into
account the behavior of nitrogen during the deoxidation of metal, which may have an increased content of dissolved ni-
trogen 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.

Betyn. OTpumMaHHA dkicHOro metany B cranen-
NaBUNbHUX arperatax OOMeEXYeTbCA MOXITMBOCTAMMU
perynioBaHHa di3MKo-XiMiYHMX YMOB MPOTiKaHHA OC-
HOBHUX peakuii, L0 BUKIMKAE HEOOXIOHICTb po3po-
OKkKn npoueciB nosanivyHoi 00pobku cTani € akTyarnb-
HUM HanpsiMoM pocnimpkeHb. OgHak nepen metany-
pramu YKpaiHM CTOITb Hernerke 3aBOaHHA — pecyp-
Co30epexeHHs, i Npu LUbOMY MOKPALLEHHS SKOCTI
npoaykuii, Wwo Bunyckaetbcs. Mpu BUPOOHMLUTBI Knc-
HIO Ta aproHy B KUCHEBWUX Liexax NOMyTHO OTpuUMY-
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ERE

I0Tb BENWKI KiNbKOCTi a3oTy, sKMiA 3a cobiBapTicTio
BYETBEPO JelleBlle 3a aproH. 3amiHa 4YacTuHu ap-
rOHy a3oTOM [AO3BOMWUTb CYTTEBO 3HU3UTU cobiBap-
TicTb ctani. PoboTta npuceBadeHa po3polui cknagy
rasoBoOi CyMilli, O NOJAETLCA Ha KiBLU-MiY Mpu Mo-
3aniyHin obpobui cTanen pisHOro coptTamMeHTy 3 Mo-
Aanbwunm pos3nusom Ha MHJ13. Ona metanypriiHnx
nignprMemcTB YKpaiHM akTyanbHUM 3aBOaHHSAM € po-
3pobka TexHOmnorii KoBLIOBOI 0OpobkM MeTany, a
came Ona meTanis Micrns NOro BUMNNaBKM B OYroBii
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cTanennaBumbHiN Nedi 9ka 003BOSIUTb 3HU3UTU CO-
OiBapTiCTb CcTani Ta He 3MiHUTK TT SIKICHUX NOKa3HW-
KiB. Takox BigoMO, LLO AN OTPUMaHHS HU3bKOro No-
KasHuKa a3oTy B MeTarni HeobxigHo 3abeaneynTu no-
ro HU3bKMI piBEHb Y NOMYNPOAYKTI Ta 3aXUCTUTK MO-
BEPXHIO pigKoro metany Big atmocdepu npu Bunyc-
Ky 3 neuvi, nosaniyHi obpobui Ta po3nuBaHHi. Buko-
PUCTaHHS CyMili 3 NigBULLEHMM BMICTOM a30Ty Ta
KOHTPOJSIb PO3KUCMOBaYiB A03BOMNTL 3HM3UTK COBiI-
BApPTICTb KOBLLUOBOi 00pPOGKM  HWU3BbKOBYINELEBMX
cTanen Ta ctanen 3 nigBuLLEHMM BMICTOM a3oTy He
3MIHIOKOYM X MEeXaHIYHNX BI1aCTUBOCTEN.

AHani3 nitepatypHuUX AaHuxX Ta NOCTaHOBKa Mpo-
onemn.

Mpn aHanisi KiNbKOCTI a3oTy B cTani 3’sCOBaHo,
Lo Mamxe npu Bcix cnocobax BUpOOHMLTBa cTanewn
KOHLEHTpauis a3oTy B roTOBOMY MeTani KOnMBaeTb-
ca B mexax 0,002 — 0,008 %. Byrneuesi ctani B
AKMX BMICT mapraHuio go 0,7 % Ta kpemHilo go
0,3 % BMmicT asoTy 3HaxoauTbcs y mexax 0,002-
0,005%. bBinbw BUCOKI KOHLIEHTpaLii a30Ty cnocre-
piratoTbCs B CTansix, IeroBaHUX XpOMOM, BaHagdieM,
antoMiHiem abo TuTaHOM. Y BWCOKOJIErOBaHWUX CTa-
NAX KOHUEHTpauis asoTy iHodi nigHimMaeTbcsa OO
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0,018 - 0,025 %. Npu ubOMY 3 AaHUX Pi3HUX aBTOPIB
[1-5] BigoMO, WO KOHLEHTpaLis a3oTy npu Temnepa-
Typi 1600 °C 3HaxoaMTbCs B BY3bKMX MeXaX 3MiH i
popiBHtoe 6inst 0,044%.

[hxepenamun asoTy npu BUPOOHMLUTBI CTanu crny-
XaTb LWIMXTOBI MaTepianu (ckpan, YaByH, meTanob-
pyXxT), aTMOccepa NnaBunNbLHOro arperaTy Ta Npoay-
BKa MeTarny rasamu (TEXHIYHUIA kuceHb abo noBsiTps),
SKi noJarTbCa Ha noBepxHio abo Brnvbd metany, a
TaKoX po3KucnioBadi, hepocnnaBy Ta HaBKOMMLLHSA
aTtMocdepa Npu BUNYCKY Ta pO3SiMBaHHI pigkoro me-
Tany.

B pocnigpxkeHHax aBTopiB [6] nokasaHi 3MiHW BMi-
CTy a30Ty B cTani npv Bunnasui, ob6pobui Ta poanu-
BUi cTani (pucyHok 1). Y npoueci nnaeBkun BUKOpUCTa-
Ho 50% o6opoTHoro nomy Ta 50% ckpany (cyuinbHa
niig) Ta 100% ckpany -nyHkTupHa. lMepioamn, konm
BMICT a30Ty 3MeHwWwyeTbca ue cragii C ta E, 60 Ha
ctagii C dopmyeTbCa Wwnak, skuin 3anobirae agcop-
6uii asoTy, a Ha cTagii E 6ynbbawkn CO BnaansoTb
as3oT y atmocdepy. TakuM YMHOM, BMICT a3oTy B
cTani 3anexuTb Bi BMICTY BYrneuio Ta KUCHIO B
cTani Ta iHTEHCMBHOCTI peakLil 3HeByrneLboByBaH-
Hsl.

Cragii cTanennaBmnnbHOro Npouecy:

A - 3aHYpEeHHS eneKkTpoiB Y XONOAHY LUMXTY;

B - doopmyBaHHA HeBeNuMKMX Nopuin pigkoro metany
Ta iX 3pOCTaHHS;

C - nnaBneHHs1 MeTarno LWUXTY, WO 3anuiiunacs;
D - HarpiB BaHHU OO BYrMeLeBoro KMMiHHs;

E - nepioa ByrnewLeBoro KniHHs;

F - npucagka dpepocnnasis Ta 4OBEAEHHSI BAHHU
[0 TemMnepaTtypu BUMYCKY;

G - BMNyCK NNaBeku;

H - pigka ctanb y cTanepo3nuBHOMY KiBLLUY;

| - pigka ctanb y MK Ta po3nvneaHHs

PucyHok 1. 3miHn BMicTy a3oTy npu nnasneHHi metany B [1CI1, o6pobui Ta po3nusBaHHi metany.

[nga 3HWKeHHSa BMICTY a30Ty B MeTani cnig BUKO-
pUCTOBYBaTM LUUXTOBI MaTtepianu 3 HU3bKUM BMiC-
TOoM a3oTty. [Onsa 3anobiraHHs agcopbuii asoTy npu
nnasLi B OyroBin cTtanennaBuUrbHIN nedvi pekomeH-
OyI0Tb BUKOPUCTOBYBATW CMiHIOBAHHA wWnaky [7, 8],
repMeTm3alito nedi Ta rasm 3 HU3bLKMM BMICTOM a30-
Ty. [lna BuganeHHs asoTy 3i ctani MOXnIMBO pobuTu
KUMiHHS BaHHW 3a paxyHok Bynbbawwok CO (3HeByr-
NeubOBYBaHHS Ta BaKyyMyBaHHS).

oo HagxomkeHHs a3oTy 3 MNiYHOI aTMocdepw,
OYMKW Pi3HUX aBTOpIiB pi3HATLCA. Y aBTopa [9] icHye
TBEPXKEHHH, WO B YMOBaX OKUCHOI aTmocdepu
cTanennaBurbHUX neyvert a3oT NPakTUYHO He MOoXe
nepexoauTu B po3nnaBneHnin meTtan yepes OKCUAHY
NNiBKy sika YTBOPIOETLCSA B Mpoueci nnaBneHHs me-
Tany. TakoxX € TBepAXeHHs, Lo wWwnakM abo okuc-
noBanbHi NMIBKM HE MOXYTb MOBHICTIO i30Mt0BaTU
MeTan i3-3a Aekinbkox paktopis [10]. AsTopKu

[11,12] cTBepOXytoTb WO YMOBU ANS BUOANEHHA
a30Ty iCHYIOTb NPU KNCHEBO-KOHBEPTOPHOMY MpoLie-
ci Ta npu BakyymyBaHHi y VOD- i RH-arperatax. Ha
BCiX IHLIMX TEXHOMOriYHMX eTanax BMPOOHMLTBA
cTani BigbyBaeTbCA TiNbKM NOrMMHAHHA asoTy MeTa-
nowm.

Mo3aniyHa o6pobka cTani 3arimae ocobnuee Mic-
Le npu BUMPOGHULUTBI MeTany - Big, MOMEHTY BUIMYCKY
pigkoro metany y KBl JO MOMEHTY MOro 3aTBepAiH-
HA. B 3anexHocTi Big BMMOr OO SKOCTi cTtanu 3a-
BAAHHSAMYK no3anivyHoi 06pobkn €: gecynbdypadis,
PO3KUCMNEHHS, NeryBaHHs, AOBeeHHS A0 PEeKOMEH-
[0oBaHOI TemnepaTypu pO3nuBY, 3HUXEHHSI BMICTY
pO34YMHEHMX rasis (BOAEHb, a30T), 3HeYrneLoByBaH-
HA, NiABULLEHHS YNCTOTU MeTany 3a MoKa3HuKamm
HemeTanesux BKIOYeHb, Aedocdopalisa, posnoain
MeTaneBux Ta LnakoBux ¢as.
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CxeMa OCHOBHMX MeTOAiB Mo3aniyHoi obpobku
JinnTbCAa Ha OBi rpynu:;

- MeToaM, WO MpoBOAATLCA MpU aTMOCcdepHOMY
TUCKY (KiBLI-MiY);

- MeToaM, SKi NpoTikalTb Mig TUCKOM (Bakyy-
martop).

[MepeHeceHHs YacTUHM MeTanyprinHux onepawin
Y KiBLU-NiY JO3BOMSE NiABULLNTA NPOOYKTUBHICTb OC-
HOBHOrO MMNaBWMbHOrO arperaty, 3MEHLUUTU Temne-
paTypy BWUMYyCcKy MeTany Ta NiaBUWUTU SAKICTb Npo-
aykuii [13].

MpoayBaHHA cTani B KiBWax iHEPTHUMKU abo Hew-
TpanbHUMK razamu cTano obOB'I3KOBUM efleMEHTOM
TexHosnoril Bunnaeku ctani. [erasauisa npu npoay-
BaHHi iIHEPTHMMUM rasamu r'pyHTYETbCSA Ha pi3HMUI na-
puianbHOro TUCKY BOAHIO, @30Ty i OKCMAY BYrneL B
O6ynbbaluui iHepTHOro rasy, Lo yTBOPIETLCS, | B pO-
34MHeHUX rasax B metani. 95% Bciei crtani, Wo Bu-
nnaensaeTbcs, 0bpobnsaetbca aproHoM. pu ubomy
3aranbHi BUTPaATM Ha NpoAyBaHHS MeTany npu no-
3aniyHin 0bpobui 1 ToHM cTtani ctaHoBnATk 0,2 -
0,3 ponapie CLUA 3a BapTocTi MeTany B 3nuTKax
200 - 500 ponapis CLUA 3a ToHHY [14].

Onsa meTanyprintHnx nignpuemMcTB akTyanbHUM
3aBOaHHSIM € po3pobKka TexHOoMorii KoBLIOBOI 00p06-
KA MeTany i3 3aCTOCyBaHHSM iHEPTHUX MPOAYBHUX
ra3oBUX CyMilliel, o A03BONSATbL 3HN3NTK cobiBa-
pTiCTb MeTany Ta OTpuMaTu SKiCHy ctanb. Bukopwuc-
TaHHA CyMmili 3 NiABULLEHUM BMICTOM a30Ty AO3BO-
nde 34eLweBnTU KOBLLIOBY 06pobKy cTanen pisHoro
COpTaMEHTY: HU3bKOBYrneuesnx Ta ctanen 3 niasu-
LLleHUM BMiCcTOM a3oTy [15].

Y OinbwocTi BMNaAKiB a3oT Hagae HeraTuBHWUNA
BMMMB Ha BNacTuBOCTi cTani. lNpu po3unmHeHHi asoTy
B posnnaBax 3anisa ctanb CTae CXUNbHOK [0 CTa-
PiHHSA, TO 6 TO 3HMXKEHHS NNACTUYHUX BNACTUBOCTEN
3 YyacoM, 0coBNNBO Lie MPOSIBAAETLCA Yy CTansix, Lo
npauTb 3a nigsueHux Temnepatyp. lpoTte, ic-
HYE Linun Knac cranen, y skux as3oT BUCTyNae nery-
touMm enemeHtoM. OpgHako, Garato [OCRigHUKIB i
MeTanypris BBaXatoTb HENPUMYCTUMUM 30iNbLUEHHS
KOHUEHTpauil as3oTy npu BUPOBHWMLTBI LUMPOKOrO
Knacy cranen. Y peskux nitepatypHux prepenax
[16] € pnaHi Nnpo NpoAyBKY HU3bKOBYrMNeLEBOro meTa-
ny a3oTOM Npu KOBLLOBOI 00pobui. Ane Takox cnig
BpaxoByBaTW, WO Yy BUPILIEHHI nNpobnemu niaBu-
LLIEHHST KOPO3iMHOI CTIMKOCTI cTani, sika BigOyBaeTbCS
npy TeHAEHUIT 40 3HWXKEHHS KOHUEeHTpaLii ByrneLo
Ta BiAMOBW Bif 3acTocyBaHHA O00aBOK (Takux, siK
TWUTaH), @ TAKOX 3HWXKEHHSI BMICTY BYITELIO B CTansax
ayCTEHITHOro Knacy npu3BOAWUTb 4O 3HAYHOMO 3HU-
XEHHS PiBHA iX MILUHOCTI. Y 3B'A3KY 3 LM AOLINBHO
PO3rASAHYTU MOXITMBOCTI KOHTPOM BMICTY a3oTy B
cTani Ta Moro NOEgHaHHA 3 TakKUMN enemMeHTamu, siK
antoMiHii, TUTaH, BaHagiih, HiobiM Ta iHWi abo ix
KoMbiHauii [17].

MaTepianu Ta MmetTogu gocnigxeHHs. [etans-
HUA po3rnNaj TepMOAMHAMIYHUX Ta KiIHETUYHUX OCO-
BGrnMBOCTEN PO3YMHEHHA a30Ty B MeTarni JO3BONUNu
3'acyBaTtu Tenno- Ta MacoobMiHi npoLecy noBeaiHku
rasis y metani npy npoaysLi iHEPTHUMM ra3amMmun me-
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Tany B KiBWIi Ta npu BakyymyBaHHi. MatematundyHa
MoZenb BuAaneHHsa po3yMHEHNX rasis 3 metany npu
nosaniyHin obpobui [o3BoNsie npoaHanisyBaTn no-
BefiHKy rasiB y meTtani npu CTBOPEHHI CyMmill rasis,,
sKa MICTUTb @30T AN NPOAYBKU Pi3HUX MapOK cTani
3 MOXIMBICTIO MPOBEAEHHHA NnoJanbLIoro aHanisy
noBeAdiHkM a3oTy npu 6e3nepepBHOMY NUTTI 3aroTo-
BOK Ta po3paxyBaTW KiNbKiCTb €NeMEHTIB SKi BUKO-
PUCTOBYIOTBCS MPU PO3KUCHEHI ANA OTPUMaHHS SKi-
CHOT CTPYKTYPW 3aroTOBKWU C 3a40BifTlbHUMWN MeXaHiy-
HUMW BNacTUBOCTAMMW.

B ocHoBi MaTtemaTU4HOI MOAEeNi 3HaxoasaTbCs pi-
BHSHHS BMAANEHHS PO34YMHEHOro KUCHIO, BOOHIO Ta
asory

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

1
[NJ=_N,. @

KoHueHTpaLii a30Ty, BOAHIO Ta KUCHIO, PiBHOBaXHIi 3
napuiansHum Trckom N2z, Hz Ta CO y 6ynbbatui

[N]r = KN\/PNZ ) 4)
[H], = KH\/PHZ 5 ()

[O], = Feo /([C]KC), (6)

ae Ky, Ky n Kc — KOHCTaHTW piBHOBaru peakuin pos-
YMHEHHS a30TYy, BOAHIO T@ OKUCIIEHHSA BYrMeLto.
XapakTtep npouecis MacoobMiHy MK PO3YMHEHUMU Y
meTtani razamu ([H], [N], [O]) Ta 6ynbbalikamu rasis,
o 6apboTytoTb, BU3HAYABCHA XOO40OM CUCTEMU A0 pi-
BHOBAaru Ta onncaHo B1pa3om

m, = [(B-(UI1=1T])-Sp-dz,  (7)

ae [ — koediuieHT macosiggadi Mk MeTtarnom Ta
6ynbbawkoto, [[] Ta [[r — KoHUeHTpauia rasy B me-
Tani Ta piBHoBaxHa 3 Oynbbalukoto, S — nnowa no-
BEpXHi po3ainy ras-meTan, 7 - 4ac nigHiMaHHsA raso-
BOi OynbbaLuku.
lMpu pospaxyHkax piBHOBarM y cuctemi metan-
Oynbballka 3 ypaxyBaHHAM OeKiNbKOX rasis BUKOpU-
CTOBYBaHO BMpa3
_ (m,/M,)P

Yo(m /M +m, M, +.Am M)
ae mq, mp, ... m; — Macu rasiB B rasosin cymiLui,
M, Ma, ... M; — monekynsapHi macu umx rasis, P —
TUCK Nid, SIKUM 3HAXOOMTbCH razoBa CyMilll.

Po3pobneHnii anropuTm Oae MOXNUBICTb MNpo-
rHO3yBaTM OTPMMaHHA sKicHOi 6e3nepepBHONUTOI
3aroTiBKM ANS cTanen pisHoro NPU3HayveHHs.

[na aHanizy nosiBu HITpUAIB BMKOPUCTOBYBaHO BU-
pasu 3MiHEHHS BifbHOI eHeprii Ta KOHCTaHTU PiBHO-
Barv Ta TakoxXx piBHAHHA aBTopis [18].

MeTa i 3aBgaHHA gocnigxeHHs. OgHMM 3 Han-
GinblWw nowmpeHnx cnocobiB KOBLLIOBOI 06POGKK
cTani € npoAyBaHHA MeTany iHepTHUMKM rasamu Ta it
BakyyMyBaHHs. [pn ubomy BigbyBaeTbCcs BUAaneH-

> (8)



HS PO34YMHEHUX Yy MeTari rasiB — KMCHIO, BOOHIO Ta
YacTKoBO a30Ty. BupganeHHs pO3YMHEHOro KMCHHO
30INCHIOETLCA 3a PaxyHOK NPOTiKaHHS peakLuil 3HeBY-
rneuboByBaHHsS. BogHio Ta a3oTy — 3a paxyHOK Bu-
AiNeHHA 1oro y BUrnsdi MONekyn, Lo YTBOPHWTb
Oynbbawikm rasy. Npouec macoobmiHy B meTani Bia-
OyBaeTbCca Ha Mexi po3finy metan-bynbbawka. 3a-
MiHa 4YaCTUHW aproHy as3oToM Y rasi SiKUin BMKOPUC-
TOBYIOTb AN NpOAYBKM MeTany npussene o nepe-
pOo3noginly BefIMYUH i HanpsMy NOTOKIB asoTy 3 Me-
Tany B 6ynbbaluui rasy, SKMM npogyBaloTe MeTan umn
B MpoLeci BakyyMmyBaHHSA. TOMy MeTOK Ta 3aBAaH-
HAM pobOTU € NpoaHani3yBaTh CKifbKW BigCOTKIB ap-
rOHY MOXIUBO 3aMiHIOBaTW Ha a30T Ang craneu pis-
HOrO COpPTaMeHTYy MpW KOBLLUOBI 06pobLui a Takox
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BMSIBUTU BMIMB @30Ty Ha CTPYKTYpPYy 3arOoTOBKU Ta Hi-
TPUOOYTBOPEHHA, | BMIMB  HITPUOOYTBOPHOOYNX
erieMeHTIiB Ha MexaHiyHi BnacTMBOCTI cTani.

PesynbTtatn pgocnigxeHHs. BctaHoBneHo, wWo
3a BiACYTHOCTI a30Ty B rasi skum npogyBalTb Me-
Tan, noTik a3oTy MOCTINHO CNPsSIMOBaHUN 0 ra3oBoi
oynbbawkun. Lle noB'aA3aHO 3 BUCOKUM TUCKOM CTOB-
ny metany, Wo nigsuLLye napuianbHUN TUCK a3oTy Y
Bynbbalukax rasy, SKUM 34INCHIOTL NPOAYBKY.

Ha pucyHky 2 HaBegeHO 3MiHY BMICTY as3oTy B
MeTani 3a pisHMX MOro BUTpaT y NpoayBHOMY rasi.
[Npwn nepexoai Big NpogyBaHHS YUCTUM aproHOM 40
YUCTOro a30Ty BiJHOCHE 3HWKEHHS a3oTy B cTani ni-
OBULLYETBbCA NpubnM3Ho Ha 20 %.
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PucyHok 2. Bnnue a3oTy nig 4Yac npoAyBaHHS Ha 3MiHy BMICTY a30Ty B MeTani; BuTpaTa asoTy, M3/XB.:
1-0;2-0,2; 3-0,4 (cymapHa BuTpaTa rasis 0,4 m3/xB.).

Take HeBMCOKe 3HWKEHHSA a30Ty B cTani nos'asa-
He 3 TWMM, LLO iCTOTHaA YacTka a3oTy BUAANSETbLCH 3
oynbbawwkamu CO i yepes noBepxHtio meTany. Yact-
Ka BMAaneHHst a3oTy 3 6ynbbawwkamm CO Ha nodaT-
Ky npouecy carae 90% Ta NoCTynoBO 3HMXKYETLCHA A0
40%. 3a paxyHOK LbOro, BigmnoBigHO, 3pOcTae vacT-
Ka BMAaneHHs Yyepes NoBepxHi0 MeTany. YacTtka Bu-

JaneHHs a3oTy 3 Oynbballkamy aproHy HeBeruvKa i
cknapae 6nm3abko 2 — 3 %.

Mpn noganbluMx OOCHIAXEHHSAX BCTAHOBIMEHO Y
SAKUX OONSX pO3MNoAinaeTbca a3oT Mk bynbbalukamm
CO, aproHy Ta noepxHeto MeTany. Ha pucyHky 3
HaBe[EeHO po3noain a3oTy 3 rasy, SKMM NpoayBalTb
MeTan, Mo cTaTTsaM 3a BiAHOCHO Manux Moro ButTpat
(6nm3bko 25% y rasosiv CymiLui).
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PucyHok 3. BanaHc asoty, (%), npu BukopucTaHi cymiwi asota (0,1 M3/xB) Ta aproHa (0,3 m3/xB): 1 -
BuaaneHHs B 6ynbbaluky CO; 2 — BuaaneHHs Kpisb MOBEPXHIO MeTany; 3 — HaAXOKEHHs 40 MeTarny.
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3’'dcoBaHoO, WO B 3aranbHOMy GanaHci Jo KiHus
npouecy 6nm3bko 10% asoTy HagxoauTb B MeTan,
ane 6nmsbko 40% Bugansietbcs 3 6ynsbawkamm CO
i 6nm3bko 50% BMAaNseTbLCA Yepe3 NoBepxHio. 3 ni-
OBULLEHHSAM BMICTY @30Ty B rasi sikuM npoayBaloTh
metan Ao 50%, yacTka asoTy, WO HagxoauTb y me-
Tan, 3poctae oo 20%. 3 noganbwnm 36inbLIEHHAM
YacTKU a3oTy B rasi skuMm npoayBatoTb metan 3 75
no 100%, 4actka asoTy, WO HaaxoauTb B MeTan,
3pocTae BignosigHo 00 40% i 60%. OTxe, 3amiHa
aproHy asoToM Y rasi SskMMm npogyBatTb MeTan npu-
3BOAUTb OO NEepeposnoAiny BEMUYUH i HANpPSAMKY Mo-
TOKIB @30Ty 3 MeTany B OynbOawkm rasy. Yactka
asoTy, L0 HAAXoAuTb 3 rasdy, sikuMm NpoAayBaroTb, A0
MeTany, npu uboMy 3pOcCTae, ane nepexig asoty 3
meTany B 6ynbbawkm CO i yepe3 NOBEpPXHIO 3anu-
LaeTbca AocTaTtHiM, wWwob 3abe3neuntn 3aranbHe
3HWKEHHA KOHLeHTpauii a3oty B meTtani. To 6 To,
3aMiHa YaCTMHW aproHy as3oToOM Y rasi, Skum npogy-
BalOTb MeTarn He MOBUHHA CYTTEBO 3MIHUTU HEPIBHO-

Bary peakuii BUAaneHHs rasis 3 Metany, KpiMm peak-
Uil BUOaneHHa asoTy, OCKiNIbKM peakuil BuAaneHHs
rasie (KpiM a3oTy) NMPUHLMMNOBO HE 3MIHIOOTLCS.

Takox npoaHanisoBaHo BMAMB Pi3HMX CMiBBIgHO-
LWeHb aproHy Ta asoTy y rasoBii Cymilli SIKOKO npo-
AyBalTb MeTan. 3amiHa 4YacTWHW aproHy asoToMm Yy
rasi, AKMM npoayBaloTb MeTan Npu3BoAMTb OO ne-
pepo3noainy BenuYMH i HanpsMy MOTOKIB a3oTy 3
meTany B Oynbballkm rasy, Skum npoayBalTb Me-
Tan. Yactka asoTy, Wo HaaxoanTb 3 NPOAyBHOrO ra-
3y B MeTar, Npu LubOMy 3pocTae, ane nepexig asorty
3 meTany B 6ynbbawkmn CO i yepe3 NoOBEPXHIO 3a-
nuwaeTbca gocTtaTtHiM, Wwob 3abesneunTn 3aranbHe
3HWKEHHS! KOHLeHTpaUii a30Ty B MeTani (PUCYHOK 4).
3rigHO po3paxyHKy CniBBiQHOLIEHHS a30Ty i aprony 1
+ 3 B CyMili rasi, sika BUKOPUCTOBYETLCS A1 NpO-
OYBKW cTanen He npusseae 40 3MiH NOBeiHKM rasis,
AKi 3HaxXoOATbCA Yy MeTani.
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PucyHok 4. 3miHa KOHLUEeHTpauii a3oTy B MeTani Npu pisHUX CNiBBiOHOLLEHHAX aproHy i a3oTy B CyMilli, SIKOO
npoaysaoTb MeTan: 1- aprony 0, asoty 0,1; 2 - aproHy 0,2, a3oty 0,2; 3 - aproHy 0,25, asoty 0,15; 4 - apro-

Hy 0,3, azoTy 0,1 m3/xB.

Mpn BnpoBamKeHHi 3anponoHOBaHOro crnocoby,
BMKOPUCTaHHA a30Ty Y SIKOCTi IHEPTHOro rasy Akum
npoayBalwTb MeTan, cnif BpaxoByBaTu BUOIp Mapok
cTani no BiQHOLIEHHIO BMMAMBY a30Ty Ha SIKiICTb Me-
Tany, nos'si3aHe 3 NOSIBOK A0AATKOBOI KifbKOCTI HIT-
puais.

Tox 6ynu npoBefeHi LOCNIMKEHHS HanpaeneHi
Ha aHani3 Ta 3'ACyBaHHS LWMAXIB YHUKHEHHS YTBO-
PEHHS HITPMAY anioMiHilo NpY BUKOPUCTAHHSA MOro Y
SIKOCTi PO3KUCIOBaYa y MeTanax ski npogysanucs
CyMiLLLLIO rasis 3 NiABULLLEHUM BMICTOM a30Ty, TOMY
LLO YTBOPEHHS HITpMAy anoMiHilo BNAMBae Ha Mak-
POCTPYKTYpY 3aroTOBKM Ta MeXaHiyHi BRnacTUBOCTI
ctani [19].

Oocnipxysanu ctane 1008 ASTM, ximiuyHuin
cknap skoi nicns sunnasku B [JCI Ta koBLUOBIA 00-
po6ku Ha YKIT HacTynHui: 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 % Ta iHLWi.
Y mMeTan BBOAMAM antoMiHii Nicnsa nevi y KiBw Ta Ha
YKI y surnsgi SiAl. Nutoma BUTpaTa antoMiHilo Ha
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TOHY MeTany cknana 1,65 kr. Yac obpobku metany
Ha YKI1 cknaB ogHy roguHy. CepeaHsa Temnepatypa
meTany Ha YKI pgopisHioBana 1590 °C. Pasnueky
mMeTany nposoaunu 6e3 3axucTy CTpyMeHs npu Te-
Mneparype 1550 °C. Mepepi3 3aroToBKU
125x125 mm.

lMpoBedeHUn aHania Ha YyTBOPEHHA MaKpOCTPYK-
TypHOrOo AedekTy 3a paxyHOK BWAINEHHS ra3oBol
¢asn npu 3aTBepAiHHi 3aroTOBKW MOKa3aB HEMOX-
NMBICTb LbOrO MpoLuecy, Tak SK Npu gaHWX yMOBax
MaKkcumarnbHUA napuianbHUW TUCK ANS iCHYBaHHS
6ynbbawkn cknagae 6insa 19500 [Ma, a napuianbHuin
TMCK Hag MeTanom 6ing 80000 Ma. Mpu Takomy
CMiBBIAHOLWIEHHI TUCKIB iCHYE TiNbKW OAHA MOXMU-
BiCTb Lle nepexig a3oTy 3 aTMocdepu B piakui pos-
nnae y npoueci po3nuBaHHA MeTany, ane Ans nepe-
Xxody as3oTy 3 aTMocdepu 4o MeTany HeobxigHa au-
couiauis Monekyn asoTy Ha aToMW, sika MOXMuMBa
TiNbKM 3a ymoBuM, WO Temnepatypa Oyde Buwe
2000 °C. PosnuBaHHs MeTany BigOyBaeTbCs npwu
1550 °C ToMy Takui nepexig asoTy 3 atMocdepu



HemoxnuBui. Takox Tpeba BpaxoByBaTW, LIO pO3-
nvBaHHA 3fivicHioBanocs 6e3 3axucTy CTpyMeHs,
arne 3 3aHypeHHsIM pO3IIMBHOIO CTakaHy Mig 3axuc-
HUM LWNAKOM Ui (hakTopy 3HWXYIOTb OO0 MiHIMyMy
MNMOBIPHICTb Nepexody as3oTy B meTar.

Y pobotax [20, 21] aBTOpamn Bigmivanocs, wo
BMMNadaHHA HiTpuaHoi ¢asn npu pn = 1atm Ta
1600 °C cnocTepiraeTbCa Npu KOHLUEHTpaLisax TuTa-
Hy — 0,29 %, antomiHito — 0,82%, UMPKOHIO —
0,093%. Onsa BU3HA4YEHHS YMOB HiTpUAHOI has3un go-
CTaTHbO CKOPWUCTYBaTUCH PIBHSIHHSAM, LIO 3B'SA3yeE
TemnepaTtypy, PN i KOHLEHTpaLUilo feryw4oro ene-
MeHTa [X]. ABTOopamu [22] BigMivanocs, wo npucaa-
Ka TUTaHy 3Ha4yHO 3HWXYE BMICT a3oTy B cTani 3a
paxyHOK YTBOPEHHS HITpMAy TUTaHy, siki nepexoasitb
Yy Lunak.
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Peakuis yTBOpEeHHS HiTpuay antoMiHilo cynpoBo-
PKYETbCS HACTYMNHOK 3MiHOH BiflbHOI eHepril:

Al + 1/2 N2=AIN, AGC =-73800+25T 9)

Peakuis yTBOPEHHSA HiTpMay TUTaHy CynpoBoO-
DKYETBCS HACTYMHOK 3MIHOIO BiflbHOT eHepril:

Ti + 1/2 N2=TiN, AG® =-80930+22,78T (10)

TutaH npu Temnepatypi 1550-1600 °C mae 3Ha-
YHO BinblUy CNOpPIAHEHICTb OO as30Ty, HiX antoMiHin.
Ha puCyHKY MyHKTUPHOK CTpPIYKOI0, MOKasaHo, Lo
npuv BMIcTi B pigkomy 3anisi 0,0015-0,002 % TtuTaHy
3abe3nevyeTbCsl TakMA PIBHOBaXXHWUIA BMICT a3oTy,
Npy 9KOMY He MOBUHHO BigbyBaTUCS YTBOPEHHS HiT-
puais antoMiHito.
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PucyHok 5. PiBHOBaxHi BMICTU @30Ty Ta TUTaHy, a30Ty Ta antoMmiHito B MeTani npu Temnepatypi 1550 °C.

AHanis yTBopeHHa HiTpuais y ctani 1008, 3aga-
HOro XiMmiyHoro cknapgy, nokasaB LLUO KiNbKiCTb TUTa-
HY, CMOPIAHEHICTb OO a30Ty Yy SKOro BuLLa 3a crnopi-
OHeHICTb a30Ty [0 antoMiHilo, HegocTaTHa (B ABa
pasu MeHLe) Ans HerWTpanisauii yTBOPEHHs HiTpuay
anomiHito (pucyHok 5). Tomy oTpumaHa MeTanesa
3arotoBka Mae MaKpPOCTPYKTYPHi OedeKkTn, a Takox
He3adoBiNbHI MexaHi4yHi BNacTMBOCTI.

O6roBopeHHsa pesynbTaTtiB. [Npy aHanisi 3amiHm
aproHy Ha cymiw (aproH+asoT) BigbyBaeTbCca Hacu-
YeHHs1 MeTany as3oToM, sike 3anexuTb Bif cknagy Ta
KinbKocTi wnaky npu obpobui metany Ha YKI. Bu-
SIBNEHO, L0 OCHOBHE BWAANEHHs as3oTy 3 MeTany
BiAOyBa€eTbLCA NpU IHTEHCMBHOMY MPOLECi 3HEBYrMe-
LbOBYBaHHs B Oynbbawky CO. ToMy 4um goBLue Bi-
AbyBaeTbCA Mpouec 3HEBYINELBbOBYBaHHS, TUM Oi-
nblle a3oTy 3anvwnTb MeTarn, ane npu BUpobHNLT-
Bi cTanen HeoOXigHO OOTPUMYBATMCA MapoO4vHOrO
BMICTY Byrneuto Ta asoTy.

TakMMm 4YMHOM, BMKOPWUCTOBYBaTU CyMilLl, LLO MicC-
TUTb @30T, MOXIIMBO 3a paxyHOK BeAEHHsI npoLecy
06pobkn mMeTany nig cniHeHUM LWINaKoM Ha YCTaHOB-
Ui KiBL-NiY Ons oTpMMaHHA BinbL LUMPOKOro Knacy
ctaner 3 HWU3bKMM BMICTOM Byrreut. CniHeHui
lWnak npeactaBnsie CykynHicTb Bynbballok MOHOO-
Kcuay Ta giokcuay BYrneuto, po3ainieHUX TOHKUMMK
npowapkamu wnaky. Posmip 6ynbbaluok, o cra-

HOBMATb AUcnepcHy dasy, NexnTb B Mexax Bifg Yac-
TOK [0 KiflbKOX CaHTMMETPIB. YTBOPEHHS Ta CTIilKICTb
CMiHEeHOro Lunaky 3anexutb Big Woro isnko-
XiMIYHMX BNACTUBOCTEN (B'A3KICTb, NOBEPXHEBUN Ha-
TAr, Temneparypa), iHTEHCUBHOCTI, MicLdA ra3oBugi-
MNEeHHs Ta posnogdiny rasosux bynbbalok 3a po3mi-
pamu. CniHIOBaHHS LWaky BMAMAMBAaE nuvwie Ha BMICT
asoTy B MeTani [23]. Jobpe cniHtoBaHHSA NpU3BOAUTL
00 3HMWKEHHS BMICTYy a3oTy Ha 10-20 ppm Ao piBHS
©6nm3bko 30 ppm 3a paxyHOK iHTEHCMBHILLOrO npoLe-
CYy 3HEeBYrNeLbOBYBaHHS i 32 paxyHOK 3axucTy rnose-
pxHi mMeTany Big atmocdepu. Ane Tpeba BpaxoBy-
BaTW i BigOMe HeraTuBHe siIBULLE CMiHOBAHOCTI LUMa-
Ky - BUKMOW LUNaKy 3 KiBLUY.

BuBYEHHS BNMMBY LUNAKOBOro NOKpOBY MOBEPXHi
MeTarny Ha BuAarneHHs rasis (BOAHIO Ta a3oTy) Moka-
3ano, Wo npu BUKOPUCTaHI aproHy Yy SKOCTi rasy,
AKMM NpoAyBalTb MeTarn Ha YCTaHOBLUi KiBLU-NiY,
NpW 3HWXKEHHI IHTEHCUBHOCTI NpoLlecy 3HeByrneLubo-
ByBaHHSA Ansi Ginbll MOBHOrO BMAArIEHHS rasie no-
BEPXHSI MeTarny NnoBMHHA OyTKW BiOKPUTOIO Bif LUMAKY.
Ane npuv UbOMY MOCTIHO BigOyBaTUMETbLCS Naparne-
NbHUIA NpoLec nepexoay rasy 3 aTmocdepu B meTan
(nepeBaxHO NS a30Ty), OCKIMbKW LWNAK € 3aXUCHUM
NMOKPMBOM MeTarny Bif atMocdepu.

3amiHa YacTUHW aproHy a3oTom B rasi npusBo-
OUTb 0O Nepepos3noainy BENUYMH i HanpsiMy NOTOKIB
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asoTy 3 meTtany B Oynbbaluku rasy, skum npogysa-
toTb MeTan. o6 3abe3neuntn 3aranbHe 3HKEHHS
KOHLIeHTpaLjii a30Ty B MeTarni TakoXX HeobXxigHO ma-
TV HU3bKUMI 3anuLLIKOBUA TUCK HaZd mMeTanom Ta Bid-
MOBiAHI BUMOIM LLOAO BMICTY @30Ty B MeTani [24].
Bepyun o yBarm MOXNMBICTb YTBOPEHHSA Oynb-
Oawkn, wo cknagaetbcs 3 Asox rasie CO i N2, pos-
paxyHkamu nokasaHo o 3Ha4veHHs Tucky CO + N2
cknano 6nuasbko 82000 MMa, wo meHwe 1 atm. Takum
YmHoM, npu Bunnasui ctani 1008 He BUABNEHO yMOB
Onst yTBOpeHHsa Bynbbaliok npu nigsuLeHoOMy BMic-
Ti @30Ty B MeTani Ha Bunycky. [NpoBeaeHi po3paxyH-
KV Ta OOCHiAKEHHS MiATBEPOXKYIOTb BUCIIOBIIOBAHHS
aBTopa [10], Wwo Ha BigMiHY Bi4 BOAHIO a30T NpaKTu-
YHO HIKONW HE BUAINSETLCA 3 METANy B NPOLECi Kpu-
cTanisauii i HiKonn He € NPUYMHOID YTBOPEHHS Byrb-
b6awok, nopuctocti. OpgHak, MiOBULLEHHA BMICTY
anioMiHilo Ta as3oTy B cTani npu3BoAaTb OO YTBO-
PeHHsA cneumdidHmx mMakpogedekTis [22], wo Hera-
TMBHO BNMMBalOTh Ha NnacTudHy gedopmadiio me-
Tany i MOripwyoTb MeXaHidHi BnacTuBocCTi. YTBO-
PEHHST HITpMAY anoMiHilo Moxe BigbyBaTucsa nig vac
KpucTanisauii ctanesoro 3anueka [22]. AntoMmiHin Ta
a30T YTBOPIOWTb HiTpma antomidito AIN 3 Temnepa-
Typoto nnaeneHHs 6nmsbko 2100 °C. TepmognHami-
YHWIA PO3pPaxyHOK MOKasye, Lo 3a AOMNOMOrow [o-
CTaTHIX KiNbKOCTEN NpUCamXeHoro TuTaHy MOXIMBO
HeWTpanidyBaTu fil0 a30Ty B cTansx, WO MiCTATb
antoMiHin, | TMM caMMM CMIPUSTU YCYHEHHIO AedeKTiB

Ta NOKPaLLEHHI0 SIKOCTi NMUTOI 3aroToBKWU. TakoX Mo-
XINVMBO BMKOPUCTOBYBATWU CYyMilll ra3iB npu Bakyymy-
BaHHi cTanen 6o gosegeHo wo Bmict CO i BoAHO B
Oynbballkax NpoAyBHOrO rady He 3anexutb Big
CMiBBIOHOLIEHHS Y HbOMY aproHy i a3oty [25].

BucHoBku. BukopucTaHHa CRIHEHOro wWnaky npu
nosanivyHin obpobui meTany Ha ycTaHoBLi KiBLU-NiY
AO3BOMUTbL PO3LUMPUTU aCOPTUMEHT CTaneu, Lo Bu-
NNaBnNAlTbLCA 3 BUKOPUCTAHHSM Y SIKOCTi rasy sikum
npogyBsaloTb MeTan - a3oT abo Woro cymiw 3 apro-
HOM, MpPU LUBbOMY 3HAYHO 3HM3UTbCA cobiBapTICTb
0fepXXyBaHOro NMpoAyKTy i He 3MiHATb BMAacTMBOCTI
meTany. BukopucTaHHs mogeni [o3BONUTb pPoO3LUN-
pUTK COPTaMEHT cTanemn 40 SKUX MOXIMBO 3aCTOCO-
BYBaTW y AKOCTi NPOAYBHOrO rady asoT Yu BUKOPUC-
TOBYBaTW y AKOCTI iIHEPTHOrO rady Cymill rasis apro-
Hy Ta a3oTy Yy Pi3HOMY CniBBIAHOLLEHHI Npu 0bpobu;
crani.

[Mpwn poskucrneHHi Ta neryBaHHi ctanen anoMiHi-
€M no3saniyHa obpobka SKMX 3AINCHIOETLCH ra3oBoo
CyMmiLILWi0 HeobXiAHO BpaxoByBaTW BMAMB Ha YTBO-
PEHHS HITPUAIB TaKNX €NEMEHTIB 9K TUTaH Ta uup-
KOHiW 60 BOHM MOXYTb HaAXoAWTM B MeTan 3 LUUX-
TOK | MOXYTb MO3UTMBHO BMMMBATW Ha MeEXaHiyHi
NMOKa3HMKN SIKOCTi Yepes Te L0 CMOoPigHEHICTb A0 Ku-
CHIO B HUX HEBEMWKa, Y MOPIBHAHHI 3 antoMmiHieM Ta
TUTaAHOM, a 3 a30TOM BULLA YMM Yy anioMiHilo Ta Tu-
TaHy.
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3aceavcuKuil B.ﬁ., Ilonoaoe /I.B.
MaTteMaTH4HA MOJIeJIb PYXY Cisi90i NOBEPXHi TPOXOTY B YMOBAaX iI

yaapHO-BiOpauniiHol aii

Zaselskyi V.Y., Popolov D.V.

the conditions of its impact vibration action

Y cmammi npedcmaeneHuli KomrnekcHul rioxio 0o eupiweHHs akmyarnbHOI npobrnemu nidsuWeHHs eghekmusHocmi
2POX0YeHHS WUXMmOo8UX Mamepiarie, WO Mae 8axnuee 3HadyeHHs1 0n1s MemarypeiliHoeo supobHuymea. Memoto docrii-
OXeHb € po3pobka MamemamuyHoi Modersii pyXy 8irbHO yKradeHoI cisqoi mosepxHi epoxoma 8 ymosax ii eibpauyitiHo-
yOapHoi 0ii. [nsi docaeHeHHs1 mocmasneHoi Memu 8 pobomi UKOPUCMO8YEMbCS noemarHul cucmemMHul aHasi3 meo-
pemuy4Ho20 O0CIOXEHHSI pyXy CisiHoi Mo8epxHi, Kompa po32nsdaemsCcs 1K MamepiaiibHa moyka, pyX siKoi 0bMexeHo
rnesHUM iHmepegasom, i po3bumull Ha wicmb XxapakmepHUX emarlie, KOXeH 3 SIKUX aHasi3yembCsi OKpemo. Y pesynbma-
mi docnidxeHHs1 6yro po3pobrieHo OughepeHUuiliHe PIBHSIHHSI PYXY CisSHOI MO8EPXHi Mma OmpuUMaHoO 3anexxHocmi, siki 0o-
380/15I0Mb onucamu i pyx y pisHUx QUHaMIiYHUX cmaHax 8paxosyroyu cusnu iHepuil, npyxHi decbopmauil, cunu msKiHHS
ma mepms. BusHayeHi ymosu, 3a sikux 8idbysaembcs pe3oHaHC i nideuwyemscs iHmeHcusHicme nidkudaHHS cuma. Lle
0do3eornsie MiHIMI3ygamu siguwe 3abummsi omeopig Cisyoi Mo8epxHi, W0, y c80K vepay, nidsuwye echekmusHicms rpo-
uecy sidcigy. Haykoea Hogu3Ha 0ocniOxXeHHs rosnseae 8 po3pobui Ho8oi MameMamuy4HoOi Moderi, sika ornucye pyx 8irb-
HO yknadeHoi cisiHoi nosepxHi 8 ymosax ii eibpaujitiHo-ydapHoi Oii. Lle do3eonsie enepwe demarnbHO 8u84YUMU MPoyecu,
wo sidbysarombcsi Mid Yac ePOXOYEHHS, | 8U3HAYUMU ONMuMarsbHi yMosu Orisi 3MEHWeHHs 3abummsi omeopis cis4yoi
rnosepxHi. Pe3ynsmamu ybo2o O00CiOXKeHHS MOXymb 6ymu sukopucmaHi 0519 800CKOHaNEeHHS Mpouecy nid2omosKku
3ars1i308MicHOI cuposuHu G0 nepennasy, Wo € akmyarnbHUM 3ag0aHHAM 07151 MemaiypaitiHoi npomuciogocmi. 3acmocy-
8aHHs1 po3pobreHoi MamemamuyHoOi Modesni 0o3gonums nidsuwumu eghekmusHicms eidcigy Opib'askosux ¢hpakuyid,
3MeHwuUmu 3abummsi omeopie cig4Yoi NoeepxHi, WO MoKpawume 3azarnbHy sKicmb MemarnypeitiHux npouecis. Lle, 8
€800 Yepay, cripusimume eKOHOMIT pecypcie ma 3HUXEHHIO sumpam y eupobHUUMei.

Knroyoei cnosa: epoxoyeHHsi, MamemamuyHa moderb, yoapHo-sibpauitiHa 0is, ecbekmusHicmb gidcigy, 3abummsi om-
8opig, MemarypeiliHe 8upobHULMEO.

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.

Key words: screening, mathematical model, impact vibration action, screening efficiency, hole clogging, metallurgical
production.

A mathematical model of the motion of the screening surface under

BecTtyn

B gaHuin yac skicTb NigroToBKM LUMXTOBUX MaTte-
pianiB MeTanypriiHoro BUpoGHMLTBA B 3HAYHIA Mipi
3anexvTb Big edeKTMBHOCTI BiAciBy AOpib’sa3koBMX
dpakuin (0...5 mM) 3 3ani30BMICHOI CUPOBUHU. HAK
nokasye [OCBi4 ekcnnyaTauii pi3HOMaHITHUX TuniB
rpoxoTiB, 306iNblUeHHS edEeKTUBHOCTI FPOXOYEHHS
LUMXTOBMX MaTepianiB yTpygHeHe CyTTeBUM 3abu-
BaHHSIM OTBOPIB CiiuMX NOBEPXOHb, LLIO HE 403BOSE
NiABULLMTK SKICTb MiQrOTOBKW 3ani3oBMICHOI CUMpPO-
BWHMW 10 nepennasy.

© 3acenscbkuit B.W. - A.T.H., npod. HHTI AYET, m.Kpuswii Pir
Mononos [.B. - k.T.H., gou. HHTI AYET, m.Kpusun Pir

BoueBnab Anst NpakTuKiB i HAayKoBLiB cTae Heob-
XiQHUM reHepyBaTy, OOCHiAXyBaTh Ta BUKOPUCTOBY-
BaTW HOBI igel, ki 6 JO3BONUNN 3MEHLUUTM 3a0UTTS
CiluMX MOBEPXOHb rpoxoTa Ta 30inbWKTN edeKkTuB-
HICTb BiACIBY HEKOHAMLINHNX cppaKuin MmeTanyprinHoi
WMXTU neped AOMEHHOW nnaekow. Tomy pobotu
HanpaBreHi Ha iHTeHcUdiIKaLilo NpoLecy rpoxoyeH-
HS LLUNAXOM 3MEHLLUEHHS 3abuUTTA OTBOPIB CiAYUX Mo-
BEPXOHb rPOXO0Ta, SKi BUKOPUCTOBYHOTLCA ANs BiACi-
BY Api0’sA3KOBOro knacy B 3anizoBMICHMX LUMXTOBMX
MaTepianax Ha CbOrofHi € akTyanbHUM 3aBAaHHSAM.
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AHania nitepaTypHux ApaHMX Ta MNOCTaHOBKa
npobnemu

IHTeHcndikaLil npouecy rpoxodYeHHst MiHepasnbHOI
CMPOBWHU MpPUCBAYEHO Barato JOoCnigHMLBKUX POOIT.
["ONOBHMM YMHOM BOHM CTOCYIOTBCSI TOrO, 9K BigMNOBi-
CTW Ha NMUTaHHSA, SKUM CNocoboM MiABULLIMTU AMHAMI-
YHi NokasHukn poboyoro opraHy rpoxota abo moro ci-
S40I NOBEPXHI, WO6 3mMeHWUTN ii 3axapalleHiCTb 4um
3abuTTa OTBOPIB BaXXKONPOXiOHUMW YacTuHKamu [1-5].
[o rpoxoTiB Takoro Tuny MoXxHa BigHECTV MalluHW 3
PYXNMBUMW Cisi4aMM NMOBEPXHSAMM, Y KOTPUX KONMBaH-
Hs Big BiGpo30yaHukiB YactoTtoro y 100 'y nepepa-
IoTbCs Be3nocepenHbO Cisuini MOBEPXHI, KOTpa XKOPCT-
KO 3akpinneHa Ha kopobi [6], y iHLKX, NpoLec rpoxo-
YEHHS IHTEHCUMIKYETLCA 3a paxyHOK NiABULLEHHS
MPUCKOPEHb, abo 3rMHy Ta po3TAry Cid4oi NOBEpXHi
[7-11]. Takox cnig BiA3Ha4YMTK PE3OHIBHI Cisdi noBep-
XHi po3pobneHi IHCTUTYTOM reoTeXHIYHOI MeXaHiKK iM.
M. C. MNMonsakoea HauioHanbHOi akagemii Hayk Ykpai-
HW, KOTPi BMKOPUCTOBYIOTb SIBULLIA PE30HAHCY Ha Ha-
TArHYTUX CTpyHax. Taki cisyi noBepxHi 3abesnevyloTb
3HWKEHHS 3a0MTTS Ta 3axapalleHocTi ii oTBopiB, oa-
Hak iX BUKOPUCTAHHA HE MOXIMBE OJ19 YMOB LUUXTO-
nigroToBYMX BiadineHb MeTanypriiHoro BUpobHMLTBa
OCKiNbK1 BOHM MalOTb HEAOCTaTHIO HAiNHICTb i KOHC-
TPYKTUBHY CKNagHicTb [12-14].

[nsa pisHOMaHITHUX AMHaMIYHMX CXeM BiOpauin-
HMX FPOXOTIB i BCTAHOBMEHMX HA HUX Ci4Mx nosep-
XOHb Byno BukOHaHe GaraTto TeopeTuyHMX Aochi-
OKeHb Ta po3pobneHo matemMaTUyHUX MOAenewn py-
Xy poboumnx opraHis, B TOW e Yac A1is rpOXOTiB Cisi-
Ya MOBEPXHA KOTPUX BiNbHO po3TalloBaHa Ha MOro
kopobi Takux JocrigxeHb npoBeaeHo He Byno. Ane
ONA yOOCKOHANEHHs LWMXTOBMX FPOXOTIB, AKi chpak-

t»n

Pe3ynbTaTti gocnigxeHb
PosrnsHemo nepwwnii etan pyxy Cisdoi MOBEPXH.
B ubomy BMNagky maTepianbHa TOYKa CMMPAETbCS
Ha MpYyXHY OCHOBY BiJOMOI XXOPCTKOCTi (puc. 2), a ii
pyX NpMMMaeMo TakuM, LLO MOBHICTIO MiOKOPOETLCH
1.'

o

LIOHYIOTb 3ari30BMIiCHYy MeTanyprinHy LKWXTYy, Taki
OOCHIDKEHHS € OyXXEe BaXKITMBMMMU.

MeTa i 3aBaaHHA gocnigxeHb

MeTa pob6oTu nonsarae B po3pobui MaTeMaTUYHOI
mMoZeni pyxy BifbHO YKNaAeHO! Cis4oi NoOBEpXHi npu
BibpauiiHo-yaapHin gii Ha Hel Ana 3MeHLIEeHHs 3a-
OuUTTA il OTBOPIB BAXXKOMPOXiAHUMU YAaCTUHKaMW.

Martepianu Ta meToau gocnigXxeHb

Mpu po3pobui maTeMaTU4HOI MoZenNi pyxy cisvol
NnoBepXHi rpoxoTa B ymoBax ii BibpauiiHo-ygapHoi
Ail TeopeTnyHi JOCNIAKEHHS BMKOHYBaNUCb 3 BUKO-
PUCTaHHAM MOETanHOro CWUCTEMHOro aHanisy. Ha
puc. 1 HaBeJeHa 3arafibHa po3paxyHKoBa cxema py-
Xy Cisi4Oi NOBEPXHI, A& YMOBW 3B’s3KY, KOTpi Npukna-
OeHi 0o Hel, A03BONATb 0OMEXUTH ii pyx B NPOMi-
XKKY 8p,.

Camy ciguy noBepxHO NpeacTaBnAeMO B SIKOCTi
maTtepianbHoi Tovkn C po3TalloBaHOi B LEHTPi Mac
cucTemMu, WO po3rmsagaeTbes, a il npyxHy aedop-
MaLilo MpuMAMaemMo 3a YycepeaHeHy nedopmadito
NPYXHUX eNeMEHTIB 3 XXOPCTKICTIO c,,. Macy kopoby
Nno3Ha4yeHo sk M, a macy CissMoi MOBEPXHi 3 LLEHTPOM
mac B Touui C sk m. Togi Ha Touky C mMoxe ByTum no-
CMniAOBHO HaKNageHo [[Ba OOHOCTOPOHHIX 3B’sI3KM,
npu BuOUpaHHI NpPoMiXKYy &, B3ooBX Bici y1. Lli
3B’A3KN BMHWKAIOTb MO Mipi 3iTKHEHHS Macu m 3 Hu-
XHbOK Ta BEPXHbOK MNMOWMUHAMW BHYTPILLHBOI MO-
BEPXHi LWwBeneponogidHoro nigcutHuka. Posginumo
npouec LMKMNIYHOTO pyXy MeXaHi4yHOI cuctemu, npu
KONMMBaHHAX KOpPOOY, Ha LWICTb XapakTepHuX eTanis.
Mpumaemo, Lo B NOYaATKOBOMY MOMNOXEHHi Maca m
3HaXOAMTbCHA B CTAaTUYHIN piBHOBA3i, CNMpaynCh Ha
HVKHIO NINOLUUHY MiACUTHUKA.

PucyHok 1 — 3aranbHa po3spaxyHkoBa cxema

pyxy kopoby. Maca kopoby BBaKaeTbCs HaCTIfIbKu
NnepeBaXxaryo HaZ Macok MaTepianbHOi TOYKW,
LLIO 3MIHOK 3aKOHY pyxy kopoOy npu B3aeMofii 3 To-
YKOK MOXHA 3HEXTYBaTK.

PucyHok 2 — PospaxyHKoBi cxemu npu

CMiNbHOMY PO3roHi KOpoby Ta cistuoi no-

a)
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BEPXHi (@), 4Ns BU3HAYEHHST Hanpsimy
cun iHepuii (6)



Hexan pyx kopoOy BignoBigae rapMoHiiHOMY 3a-
KOHY, XapaKkTepHOMY Afisi ogHOpigHOro BibpauilnHoro
nosns 3 AiHiMHUM NOSIEM TPAEKTOPIN NOro TOYOK, L0 €
3aKOHOM MEPEHOCHOMO PYXy

{xe(t) = A-sin(wt) - sin B 1)

v,(t) = A-sin(wt) - cos 8,

ae A — amnniTyga KonuBaHb B3OOBX HaMpsMy pyxy,
M; @ — KpyroBa 4actoTa KonuBaHb kopoby, c'; B —
KyT Bibpauii Todok kopoby (Big Hopmani K cifg4oi no-
BEpPXHi 4o niHii Bibpauii).

Togi, y BignoBigHinn cuctemi koopguHat x1y1 (ouB..
puc. 2) cunu iHepuii NepeHoCHOro pyxy y Bignosia-
HocTi go (1)(1) 0yayTb mat abCoNOTHY BENNYMHY

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

Siny =m - A+ cosf - w?- sin(wt).

Ockinbku, B LbOMY AMHAMIMHOMY CTaHi cucTeMu
poarnsganacb nuwe npyxHa gedopmauia cisdoi
NOBEPXHi MPU HEPYXOMOMY i MepumeTpi, TO CUNoIo
iHepuii B3OoBX BiCi x1 ByaeMo HexTyBaTu.

Topai, OCHOBHUI 3aKOH AWHAMIKKM ANS BiAHOCHOIO
PYyXy 3anueTbCs Yy BUrnagi

m-y,=—-U+Sp,+G-cosa—F, (3)

Ae J, — BiQHOCHE NPUCKOPEHHST TOYKW, M/C?; a — KyT
Haxuny Cissvoi NOBEPXHi A0 ropusoHTy, rpag; U — cu-
na npyxHOCTi NPYXWHW, eKBiBaneHTHa NPYXHOCTi Ci-
A40i NOBEpPXHIi, AKa BU3Ha4YaeTbCA 3a OPMYIoto

U=cy yH (4)

G — cuna TAXiHHA

G=m-g,H, (5)
_e_ht yr0+yr0hsi
Y e o

D
|
Ny

ae y,, — novaTkoBa Bi4HOCHA LUBUOKICTb MaTepiasrb-
HOT TOYKU, M/C; y,, — NOYaTKOBa KoopauHaTa BigHoC-
HOrO MOMOXEHHs1 MaTepianbHOI TOYKM.
Ons cnpoweHHs y Bupasi (12) 6ynn BBeAeHHI
[00AaTKOBI MO3HAYEeHHA
h2.w2 ’

H
b= 2
kz\”(l _%) Pz

2-h-w
y = -aree (17 53)

(13)

+4
(14)

Ha nigctasi oTpumaHoro piweHHs 6yB Bu3Have-
HUM KoedilieHT AWHaAMIYHOCTI nigdYac BiAHOCHOro
PO3roHy cuta

1

Ja=)]+4

Kdin =

(15)

h2.w2

k4
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e m — maca martepianbHOI TOYKM (Cisdol NoBEpPXHI);
g — NPVUCKOPEHHS BiNbHOro nafiHHs, m/c?; F — cuna
B’3KOr0 CynpoTuBy

F=p-y-H (6)

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

3Baxaloum Ha Te, Lo cuna TSXKIHHA G KOMNEHCY-
€TbCA CUIOK MPYXHOCTI Martepiany — cknagawTtb
3piBHOBaXKEHy CUCTeMy CuM, TO 3rgHO akciomu 2
cTtatukm [15] ix MOXHa BiOKUHYTK, LLO Aae 3MOory po-
3rnagaTtu nuwie aAnHamidHy cKkagoBy.

[MepeTBoptoemo Bupas (3), BpaxoByo4uM BULLEBU-
KnageHe Ta Bupasu (2), (4-6)

CST'

LB 3
yr"'ﬁ')’r"‘?'yr_ (7)

=A-cosf - w? - sin(wt).

PiweHHs audepeHuinHoro piBHAHHA (7) BUKOHY-
Basnocb 3a MeToAMKO, BUKNageHot [16], ana 3pyy-
HOCTI Oynu BBeAEeHi HAaCTYMHi NO3HAYEHHS

M - . .

=2k (8)
CST — 1,2.
& ©)

A-cosfB-w?=H. (10)

Togi Bupa3s (7) npuime BUrmsg

. +2-h-y.+k?-y, = H - sin(wt). (11)

PiweHHs  gudepeHuiiHoro  piBHAHHA  (11)
[O03BOMNSE BU3HAYUTU 3aKOH BiQHOCHOrO pyxy maTe-
pianbHOi TOYKM MNPV MepomMy BuAi OUHAMIYHOTO
cTaHy

(e TR o5 (¢ TF)] -
(h-siny+w-cosy)-sin(t-M)+
+D - siny cos (t-\/k2 - hz)] + D - sin(wt + ),

(12)

AKNIA np|/||7lmae MaKCMMalibHe 3Ha4YeHHA 3a YMOBU

(16)

(17)

3 OTpUMaHNX 3anexHOCTeN MOXHa 3pobuTu BU-
CHOBOK, LL{O NpK

— =1

w
—=w-
k Csr

(18)

crnocTepiraeTbCa sBULLE pe3oHaHcy. [lpu ubowmy,
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AKLWO

U
2 J/m-cg

TO MPW BUKOHaHHI ymoBW (18) KoediuieHT auHamiy-
HOCTi K, = 0.
Mpn yMOBI, WO JOTPUMYETLCS HEPIBHICTb

e o1

=3 -

k 2
SIBULLIE PE30HAHCY 3HUKAE.

HesBaxalounm Ha OQHOCTOPOHHI 3B’SI30K Mpouec
MPY>XHUX KONMBaHb HE MIOTPUMYETLCS Yepe3 po3puB
3B’A3KY, TEHAEHLis1 4O BUHUKHEHHS sIBULLLA PEe30HaH-
cy posBonsie 3abe3neunty iHTEHCMBHE NiaKMOaHHSA

cuTa. TakMM YMHOM, Ha nNo4YyaTKOBOMY eTani Heobxi-
OHo 3abe3neynTn ymoBy

= s

0, (19)

2

u

_ 20
4-m-cg (20)

1
2_|
2

(21)

CST'

U
2. /m-cq,

Bigpus cuta Big HWKHBOT NNOLWMHN BHYTPILUHLOI
NMOBEPXHi MiACUTHMKA B KiHLj NnepLloro etany xapak-
TEPHUN TUM, LLO B LIe MOMEHT, Npun BiACYTHOCTI CK-
nn TepTd, cuna MPYXHOCTI NPYXUHW, AK peakuis
onopu, OOPIBHIOE HYNIO, @ KOOPAUHATU TOYKN AOpiB-
HIOKTb 3HATOI cTaTu4HOI aedopmauii onopu. Toai
YMOBa BipvBY 3 ypaxyBaHHAM CAPSIMOBAHOCTI BiCi
BIOHOCHOT cuUCTeMU KoopauHaT Xiy1 (AMB. pucC. 2)
npunme Bua

— min.

(22)

Yy, =g - cosa,

(23)

4n

m-

Vi = — -cos a.

ST

KiHeub nepLuoro etany LMKMAIYHOrO pyxy cuctemu
BM3HAYaETbCA MNiACTAHOBKOW Bupasy (24) B (12),
pPO3B’A3YBaHHSA YTBOPEHOIO PIiBHAHHA YUCENbHUM
MEeTOO4OM [03BOMSi€ BU3HAYUTU MOMEHT {1 BigpuBy
MaTepianbHOi TOYKK Big Onopwu, a noxigHa 3a 4Yacom
BiO (24) 3 BpaxyBaHHsM t1 JO3BONSAE BU3HAYUTU KiH-
LeBy WBKUAKICTb V1 Ha Npw KiHUi nepLioro etany.

Taknm YMHOM, OTPUMaHI 3aneXHOCTi 403BOSIAOTL
BU3HAYUTM NOYATKOBI YMOBM — LUBUAKICTb i KoOpau-
HaTW MaTepianbHOI TOYKKM, ANs nepexody 4O mMaTte-
MaTMYHOIo OMUCY OPYroro AUHaMi4YHOro CTaHy Cuc-
TeMM.

PosrnaHemo gpyrum etan. B ubomy Bunagky Ko-
pob i cisya NnoBepxHs, KOTpa Mae OaUH CTyMiHb CBO-
6oan y HopmanbHOMY OO OMOPHOI MOBEPXHi LIBere-
ponoaibHoro NigCMTHMKA HaNPsSIMKY, pPyxarTbCs po3-
[inbHO.

lMicnsa BigpuBy martepianbHOI TOYKM Big OMOPHOI
NoBEPXHi BOHA NepeMilllyeTbCA B NPOCTOPI, yTBOpEe-
HUM NICUTHMKOM, Mig Qi€ cnnu TaxXiHHS (5) Ta Tep-
TS

R=k-NH, (25)

Aae k — koediuieHT TepTa CMOKOK napu «cisda nose-
PXHS — CTiHKM MiACUTHUKa»; N — cuna HopMarbHOI
peakuii CTiHKM nigcuTHUKa, H; y abcontoTHin cuctemi
KoopauHaT Xy, Ta nig Aieo goaaTKoBMX CUN iHepuil
(2) y BigHOCHI cuctemi koopamHat x1y1 (puc. 3), Wwo
BVMHUKalOTb BiJ NEPEeHOCHOro pyxy Kopoby 3a 3ako-
HOM AMHaMIKM AN BiQHOCHOro pyxy MaTepianbHoi
TOYKW. TakMM YMHOM, ANs 3agaHoi CXemu Mpukna-
AaHHSA cun, BUOpaHOro HampsiMKy ocew koopawuHaT
(amB. puc. 3) y BIiANOBIQHOCTI 4O OCHOBHOMO 3aKOHY
ANHaMIKuN BIQHOCHOTO PyXy TOYKM, MAaEMO

0

{G-sina+N—Sinx=
m- '

G-cosa—R+ Sy, (26)

PucyHok 3 — Po3paxyHKkoBa cxema KOB3aHHS CisidOi NOBEPXHi B NPOCTOPIi, YTBOPEHUM MiACUTHUKOM, () Ta

BM3HAYEHHS HanpsiMy cun iHepuii (6)
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MepeTBOpMMO Bupa3s (26) BpaxoBytoumn (2), (5),
(25)
{m-g~sina+N—m-A-sinﬁ-wZ-sin((ut) =0
m-g-cosa—k-N+m-A-cosf-w? sin(wt) =m-j, (27)

3 nepuworo piBHAHHA cuctemn (27) BU3HAYAEMO
HopMarbHYy peakTUBHY cuny

(28)

MigcTaBumo 3HargeHe 3HA4YeHHs B Apyre pis-
HAHHS cucTemmn (27), npencTaBnsioyvM  BiOHOCHe
NMPUCKOPEHHSA TOYKN ¥, Yepes LLIBUAKICTb BiAHOCHOrO
pyXy martepianbHOI TOYKM B3L4OBX MPOCTOPY, YTBO-
PEHOMY MiLCUTHUKOM, V., (t)

N=m-A-sinf-w? sin(wt) —m-g-sina.

V() =g (cosa+k-sina) +
+A4 - w? - sin(wt) - (cos B — k- sin p).

PosB’a3aHHs  andepeHuiiHoro piBHAHHA  (29),
BPaxOBYIOYM MOYATKOBY LUBMAKICTb NPOLIECY BigHOC-
HOro pyxy, sika OOPIBHIOE KiHLEBIM LUBMAKOCTI TOYKK
Ha nonepegHbOMY eTani B MOMEHT pPO3pUBY 3B’A3KY
MiXK CiSl4OI0 NOBEPXHEKD Ta ONOPHOLD MOBEPXHEID Mi-
ACUTHUKA, fKa BM3Ha4aeTbCa AndepeHLUiloBaHHAM

(29)
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PiBHAHHSA (24) BpaxoBylouun t;, AO3BONSE OTpUMATH
WBMAKICTb BIOHOCHOrO pyxy MatepianbHOi TOYKM
B3[0BX MPOCTOPY, YTBOPEHOMY MiCUTHUKOM

V(@) =g-(cosa+k-sina)-t—
—A-w - cos(wt) X

X (cosB —k-sinB) +V,,. (30)

Micnsa iHTerpyBaHHs oTpumaHoro supasy (30) 6y-
AeMO MaTu 3aKOH BIOHOCHOIO pyXy maTtepianbHol
TOYM Ha eTani ii NepeMilleHHss B MPOCTOpi, yTBOpe-
HOMY LLIBENeponoibHMM NiACUTHUKOM MPU NOYaTKO-
Bil koopAuHaTI y,;, SIKa € KOOpPOWHaTOl pO3puBy
3B’A3KY MiX Ci94Ol0 MOBEPXHEI Ta OMOPHO MoBep-
XHEl LBerneponogibHoro migcutHMKa Ha nonepeg-
HbOMY eTani

y.(t)=05-g-(cosa+k-sina)-t?—
—A - sin(wt) X
X (cosB—k-sinB)+ V. -t+y,. (31)
KiHueBi napameTpy gaHoro etany BU3Ha4YalTbCSH
3 cucTemMn anrebpaiyHmnx piBHAHb, YTBOPEHUX Ha ni-
actasi Bupasis (30) Ta (31).

( Vio=g (cosa+k-sina) t,—A-w-cos[w- (t, +t;)] X
X (cosB—k-sinB)+V

—8,=05g-(cosa+k-sina)-t,2—A-sin[w- (t; + t;)] X’

(32)

X (cosB—k-sinB)+ V.-t +y

B cuctemi (32) y TpuroHomeTpmyHOMYy BMpasi,
SIKe BU3Ha4aE rapMOHINHWUIA 3aKOH pyxy kopoby, Bu-
KOPUCTOBYETLCA abCOMIOTHUI Yac pyxy, KOTpUK Big-
paxoBYyETbCA Bi4 HYNbOBOrO MOYaTKOBOMO MOMEH-
Ty — Ue Cyma TpMBanocTi NepLuoro Ta Apyroro cra-
HiB pyxy t, + t;.

Ha TpeTboMy eTani cisya noBepxHA BNUPAETLCH
Yy BEPXHIO OMOPHY MIOWMHY NIACUTHWUKA Ta 3YMUHS-
€TbCs. YacTuHa cigyoi NoOBepXHi, WO He KOHTaKTye 3
OMOPHOO MITOLLMHOK MiACUTHUKA NPOAOBXYE PyX Y
TOMY X HanpsiMKy NpormHaloYmchb, B Mexax npyxHo-
CTi CislMOi MOBEpXHi, AocsAraloyn MakCMMarnbHO MOX-
nuney cTpiny nporuHy. icna [OCArHeHHs Makcuma-
MNbHOrO MPOrMHY MOYMHAETLCH YeTBEpPTUN eTan pyxy
cigyoi noBepxHi — Ti BiOCKOKY Big BEPXHbOI OMOPHOI
NNOLWMHK NIACUTHUKA NiA Aieto cunu npyxxHocTi. MNpu
LbOMY OMOpHa MOBEPXHSA CWUTa 3anuvLIAETbCA Hepy-

a) 6)

XOMOI0, NnepeMillyeTbCcs nuie po3TArHyTe Tino cis-
YOI NOBEPXHi.

3Baxaloun Ha ue B pO3paxyHKOBIN cCxeMi cun,
npvknageHnx 0o martepianbHOi ToYkM (puc. 4), go-
MyCTUMO BUKIIOYMTU B3aEMO YPIBHOBAaXeEHi MiX Co-
6ot cunu — cuny iHepuii B nonepeyHoMy HanpsamKy
00 MpOCTOpYy, YTBOPEHOMY LUBENeponogioHuM nia-
CUTHMKOM, Ta CUNy peakuii NoBepXHi BepTUKanbHOI
CTiHKM LUBENeponogibHoro NigCUTHUKA, Sika YTBOPHOE
NpocTip y BepTuUKanbeHi nnowwuHi. Cuna Tepta Ha
TpeTboMy Ta YeTBepTOMY eTarnax BiACYTHA BHacni-
[OK HEPYXOMOCTi OMOpHOT NOBEPXHi cuTa B NPOCTOPI,
yTBOpPEHOMY NiACUTHUKOM. PyxaeTbca nue ueHTp
Mac cuTa, KOTpMNU MU MPUIUMaemMo 3a AOChiLKYBaHy
MaTepianbHy TOYKYy, 3a paxyHOK MOro MpYXHOi ge-
chopmaLii.

PucyHok 4 — PospaxyHkoBa cxema yaapy cigyoi no-
BEPXHi NO MiACUTHUKY, BIACKOKY Bif BEPXHbLOI ONop-
HOI NAOWMHKN NiACUTHMKA (@), ONA BM3HAYEHHSA Ha-
npsmMy cun iHepuii(6)
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B ToM Yac, Tino cisyol noBepxHi, 5K i Ha nepLIomy
eTani, NPUNHATE 3a NPYXWHY 3 YCepeaHEHO XXOoPCT-
KICTIO cg-. BHacnigok BHYTPILLHLOrO TepTs Ta aepo-
OMHaMiyHMX BTpaT BiabyBaeTbCcA Aucunauia eHeprii
B MPOLLECi PyXy MPY>KHOrO Tina, sika BpaxoByETbCA 3a
[OMNOMOrOK eMMIPUYHOro KoedilieHTa [, ekBiBaneH-
THOrO KOeQILIEHTY B’A3KOro TepT4.

BpaxoBytoun cTanicTb po3tallyBaHHS NPUAHATUX
CUCTEM KOOpAMHAT Ta BUKNaAEHUX BULLE AOMYLLEHb,
OCHOBHWI 3aKOH OMHaMIKN Ans BIiGQHOCHOro pyxy ma-
TepianbHOT TOYKM NpuiiMe Bug,

U+ Siny +G-cosa—F =m- . (33)
—ht 5’ro + yrh

,lkZ_hZ
—h-t[ b
—e B [—

,lkZ_hZ

Vr=2¢€

3 ypaxyBaHHAM CUInU TepPTH B NPOCTOPi, yTBOPEHUM
NIOCUTHUKOM, PIiBHAHHSA O71S PO3paxyHKy MOMEHTY
BiApvBY MaTepianbHOi TOYKM Big NiACUTHMKA, B TON
e 4ac, ue MOMEHT € Mo4YaTkoM eTarny KOB3aHHS
OMOPHOI MOBEPXHi CMTa B MeXax NPOMiKKy &, byae
maTtun Bug

Bepyun go yBaru cuctemy (2) 3anexHocTi (4-6)
Bunpas (33)(33) npunme Bna

CST

.. uo.
yr"’%'yr_ﬁ'yrz
=A-w?-cos P - sin(wt) + g - cos a.

(34)

BpaxoBytoun metoauky [16] Ta BegeHi no3HadeH-
HA (8-10), (13, 14), piweHHs andepeHUiRHoro pie-
HSHHS (34) O003BONSIE BU3HAYMTU 3aKOH BiJHOCHOrO
pyxy MmaTepianbHOI TOYKM NpU TPeTbOMYy AnHaMiY-
HOMY CTaHi cuctemu

-sin(t-m)+yr0-cos(t-m)]—
-(h-siny+w-cosy)-sin(t-\/kz—h2)+

+D - siny cos (t-\/kz —hz)] + D - sin(wt + ) +%-cosa.

(35)

MigcTaBns4Yn 3HaYeHHs y,, B (35) Mn oTpumaemo
Yyac 3aKkiHYEeHHs YeTBEPTOro eTany t,.
MoxigHa 3a yacom Big Bupasy (35) 3 nigcTaHOBKO
t, 0O3BONISIE BUpaxyBaTu KiHLEBY LWBMAKICTL V., Ha
yeTBEpPTOMY eTari.

Ha n’atomy etani nicna BigpuBy MartepianbHOI
TOYKW BiJ KOHTAKTy 3 BEPXHbOK OMOPHOK MOBEpX-

U+G-cosa—R=0, (36) Helo LIBEeNeponoaibHoro NiagCMTHUKA, BOHA pyXaeTb-

" Cs nig Qi€ CUnM TAXKIHHA Ta TepTa B abCOMIOTHIN
Vra = — (R —mg - cos ). (37) CUCTEeMi KoopaMHaT Xy, a TakoX Nig Aieto cun iHepuii

Csr B BiJHOCHII cncTemi koopamHart x1y1 (auB. puc. 5).
v
X
a) )
PucyHok 5 - Po3spaxyHkoBa cxema KOB3aHHS cisayoi NnoBepXHi B npocTopi,

YTBOPEHOMY MiACUTHUKOM, (@), BU3HAYEHHSI HAaNpsMy cur iHepuii (6)

Topai, OCHOBHUIN 3aKOH AMHaMiKM BIOHOCHOIO pyxy
mMaTepianbHOi TOYKM NpuMe Bug

G-sina+N-—S,,=0
{G-cosa—R+Siny=m-jir' (38)
MepeTBOpMMO cuctemy piBHsHb (38) 3 Bpaxy-
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BaHHAM (2), (5), (25), BM3HaAUMBLUM 3 NepLUOro piB-
HSAHHST cucTtemun (38) HopmarnbHy peakTuBHy cuny N,
niactTaBuBLLM 1T B Apyre pPiBHAHHA cuCTeMu, npea-
CTaBMAOYY NPUCKOPEHHS TOYKK i, Yepes LWIBUAKICTb
BiAHOCHOro pyxy matepiasibHOT TOYKM B3O0BX NpPOC-
TOpY, YTBOPEHOMY MiACUTHUKOM, OTPUMYEMO Audbe-



PEeHLiNHe PIBHSHHSA, PO3B’A3aHHSA KOTPOro, BpaxoBy-
HOYM MOYaTKOBY LUBMAKICTb MPOLECY BiAHOCHOMO py-
XY, sika JOPIBHIOE KiHLEBIN LUBUOKOCTI TOYKM Ha YeT-
BepTOMy eTani B MOMEHT po3puBy 3B's3Ky V,,, Aka
BM3HAYAETbCA AMGEPEHLIOBAHHAM PiBHAHHA (35)
BpaxoByouU t,, JO3BONSE OTPMMATU LUBMAKICTb Bif-
HOCHOro pyxy marepianbHOI TOYKM B3OOBX MPOCTO-
pYy, YTBOPEHOMY NiACUTHUKOM

V() =g (cosa+k-sina)-t—
—A-w - cos(wt) X

X (cos B —k-sinB) + V,,. (39)
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Micns iHTerpyBaHHsA Bupasy (39) oTpumyemo 3a-
KOH BiJHOCHOIO pyxy MaTtepianbHOI TOYKM Ha
M’ATOMY eTani NP1 NOYaTKOBIN KOOPANHATI Y,

y.(t)=05-g-(cosa+k-sina)-t?—
—A - sin(wt) X

X (cosB —k-sinB) + V-t + V4. (40)

TpuBanicTb tg Ta KiHUEBY LUBUAKICTb M’ATOro eTa-
ny BM3HA4YaeEMoO 3 CUCTEMU anrebpaiyHux piBHSHb,
yTBOpeHoi Ha niacTasi (39) Ta (40)

X (cosB—k-sinB)+V,,

!Vrs =g-(cosa+k-sina)ts—A-w-cos[w-(ts + -+ t;)] X

0=05-g-(cosa+k-sina)ts?—A-sinfw- (ts + - +1t,)] X

(41)

X (cosB—k-sinB)+ Ve, ts+ Yy

B cuctemi (41) y TpuroHomeTpnyHoOMy BMpasi, Lo
BM3HaAYa€e KONMMBaHHsS KOpoOy, BBOAUTbLCA abCcornioT-
HWIA Yac pyxy, KOTpWUW BIONIYYETHCA Big HYNbOBOrO,
noYaTkoBOr0O MOMEHTY — Le CymMa TpuBanocTi Big
nepworo [0 MN'STOro eTaniB  pyxXy  BKIHYHO
(ts+...+t1).

Woctnin etan HacTynae nicns MOSIBU KOHTaKTy
OMOPHOI MOBEPXHi CUTa 3 HMXKHBOK OMOPHOK Mlo-
LUMHOK  LWIBeneponoioHoro MigCUTHUKA B KiHUi
N’'ATOro etany, KOB3aHHS OMOPHOI MOBEPXHi CUTa B
NpPOCTOpi, YTBOPEHOMY MiACUTHUKOM, MPUMUHAETHCS,

y

TOMY MNPWU 3anmnci OCHOBHOIO 3aKOHy AMHaMiKM Ans
BIOHOCHOIO pyxy MaTepianbHOi TOYKW, HEXTYH4u
CKIagoBo CUNM iHepLii B3AOBX BiCi X1 (puc. 6)

m-y.=—-U+ Sy, +G-cosa—F. (42)
BpaxoBytoum (2), (4-6) Bupas (42) npunme Bug
o uo Csr _
yr+m yr+m yT_ (43)

=A-cosf - w? sin(wt) + g - cos a.

Xy

PucyHok 6 — PospaxyHkoBa cxema mpu CHiNbHOMY PO3roHi KOpoby Ta cidg4oi nosepxHi (a), BU3HAYEHHS

HanpsiMy cun iHepuii (0)

Bepyun no yBarm metoauky [16] Ta BBeOEeHHI
nosHayeHHs (8-10), (13), Bupiwyoun audepe-

LifHe PiBHAHHSA (43) OTPUMYEMO 3aKOH BiAHOCHOIO
pyxy MaTepianbHOI TOYKM

Yy =e Mt y.—ro+yr.h-sin(t'm)+yro'cos(t'\/mn_

T2

Ny

e |

Ha nigctaBi 3akoHy 30epeXeHHs1 eHeprii BU3Ha-
YaETbCA MaKCMMyM (PYHKLIT BifJHOCHOIO MONIOXEHHSA
Vre- [liACTAHOBKA LbOro 3Ha4yeHHs B (44) go3Bonse
BMpaxyBaTh MOMEHT t, 3aKiHYEHHS1 LLOCTOro eTany.

MoxigHa 3a 4Yacom 3 NiaCcTaHOBKOW t, A03BONSE
BUpaxyBaTW KiHLUEeBY WBUAKICTb V., Ha LWOCTOMY
eTani.

-(h-siny+w-cosy)-sin(t-\/kz—h2)+D><

X-siny - cos (t-\/kz —hz)] + D - sin(wt +y) +%-cosa.

(44)

LWoctnm eTtanom UMKN pyXy Cisvoi NOBEpXHi 3a-
BepwyeTbcs. KiHUeBi napameTpu LUOCTOro etany €
noYyaTKOBMMM MNapameTpaMu Ang nepLioro ertany
HACTYMHOrO LMKy PyXy Cisvoi noBepxHi. PisnyHo
LWOCTUK | NepLunin eTanu € HepO3pUBHUM MPOLLECOM.
3 LbOro BUNMMBaE MOXNMBICTb 00’eaHaHHA MaTeMa-
TUYHMX MOZenen uMx etanis B €ANHY Moaerb.
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BucHoBKu

BcTtaHoOBMNEHO, WO pyX BiflbHO YKNageHoil ciayoi
noBepxHi Ha kopobi rPOXOTYy Npu BidpoyAapHin aii Ha
Hei mMoxe OyTu onvMcaHuM noeTanHo, Ae Mo4YaToK
eTany € 3aKiH4eHHs 1Moro nonepenHboro. IcHye Tic-
HWA 4YacoBUN Ta KOOPAMHATHUN 3B’A30K Ae BCi KiHe-
MaTU4Hi NapamMeTpu KOXHOro nonepeaHbLoro etany €
noyaTKOBUMM NapameTpaMn Ans HACTYNHOro Cymix-
HOrO 3 HUM, LLO A03BOMSE PO3POBUTU MaTEMATUYHY
MOZAESNb PYXY BiflbHO YKMaAeHOol Cistqol MOBEPXHi Npwu
BiOpaLiHO-yaapHOI Ha Hel gii.

B pesynbTati po3pobkn mMaTteMaTuyHoi Mogeni
BCT@HOBIEHO TPU OCHOBHI BUAM AMHAMIYHOIO CTaHy
TEXHIYHOI CMCTEMU, L0 PO3rNagaeTbcd, a came.

Mepwnin BUA ANHAMIYHOIO CTaHy — Le ChinbHUi
pyX NignNpyxuHeHoi maTtepiansHoi Toukn C Ta Kopo-
Oy, SKMN NOYMHAETLCA 3 MOMEHTY 3iTKHEHHSA CKna-
AOBUX CUCTEMU MpU BiAOMIN KOOpAMHATI NOYaTKOBO-
ro MOMOXEHHS, a TaKoX BiJOMOI NOYaTKOBOI LIBUA-
KOCTi CKMagoBMX CMCTEMM, LIO BCTYNUIM B B3AEMO-
gito. MNoyaTkoBi NapameTpu B3aeMOAii € KiHLUEeBUMM

napameTpaMmu nonepeaHboro uukny pyxy. Llen gu-
HaMiYHWA CTaH BRacTUBUA NepLioMy Ta LLIOCTOMY
eTaniB LUMKNIYHOro pyxy cuctemu.

Opyrvin BUA OMHaMIYHOro ctaHy — po3A4inbHWI
PyX €reMeHTIB CUCTEMM, SIKMA MOYMHAETLCS 3 MO-
MEHTY PO3pPUBY 3B’SA3KY Ha KiHLi NepLUoro Yn TpeTbo-
ro eTanis LMKNIYHOIO PyXy CUCTEMM Ta 3aKiHYYETLCH
3 MOMEHTY BIOHOBMNEHHS 3B'3Ky Ha TPETbOMY u4u
LOCTOMY eTanax. TpuBanicTb LUbOro AMHaMi4YHOro
CTaHy BM3HAYaeTbCA He TiMbKWA LUBUAKICTIO PyXy
eremMeHTIB cuctemu, ane n, Hacamnepen, KOHCTPYK-
TVBHUM NapaMmeTpoM — MPOMiKXKOM &, . Ller auHa-
MiYHMIA CTaH MOBHICTIO BignoBigae Apyromy Ta
M’'ATOMY eTanam LMKMNiYHOTO pyXy CUCTEMM.

TpeTin BUA AMHAMIYHOrO CTaHy cuctemu — npy-
)KHa B3aEMOfiS CKNagoBUX CUCTEMU Yepes MPYXKUHY
nicrns NOHOBMEHHs 3B'A3Ky. Llen AvHamiyHuMn cTaH
BNacTMBWUMA TPETbOMY Ta YeTBEepTOMY CTaHy LMKIiY-
HOrO pyXy CUCTEMM.

Mepenik nocunaHb
1. CoBepLUeHCTBOBaHWe TexHomorum un obopydoBaHusa arnomepauuoHHoro npoussogcTtsa/ W. M. MuweHko Ta
iH. Memannypeauy4eckue npouecchkl u obopydosaHue. 2011. Ne 3. C. 35-44.
2. YepsoHeHko A. ., Mopyc B. J1. \aHococTolKkne AMHaMM4eckun akTvBHbIE NPOCEVBaloLLMe NOBEPXHOCTU U3 anac-
TOMEpPOB AN15 pasfeneHns Cbinydmx matepmanos u nynen. Tpyosi Il MexdyHapoOHO20 cuMno3uyma no mMexaHu-

ke anacmomepos. OHinpo, 1997. T.1. C. 296-310.

3. 3acenbckun B. W., 3anues I'. 1., Kutay E. L. MNpombiwneHHble nccnefoBaHns paboThl pe3oHMPYIOLWMX Npoceun-
BalOLLMX NOBEPXHOCTEN. Teopus u npakmuka memarnnypauu. 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. YnockoHaneHHst obnagHaHHs Ta NpoLeciB BYIMEniaroToBKY i KOKCOCOPTYBAHHS MeTanypriiHoro BupobHWUTBa:
moHorpadis / B. WN. 3acenscekuin, [l. B. MNMononos Ta iH. Kpueun Pir: Nitepis, 2019. 203 c.

6. Screening machines & screeners //

Siebmaschinenhersteller

Nr.i- RHEWUM GmbH: [Website].

URL: https://www.rhewum.com/en (gata 3sepHeHHs: 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
DOI: https://doi.org/10.1016/j.ymssp.2020.106619.
9. Vibrating screen for solids and liquids -

Signal

Processing. 2020. Vol. 139. P. 106619.

Heilig Mixing Technology. Heilig Mixing Technology. URL:

https://www.heiligmixers.com/products/screening-machine/vibrating-screen/ (aata 3sepHeHHs: 09.04.2022).
10. TexHonorusa Kroosh. Multifrequencyequipment. Kroosh Tecnologies Ltd. URL: http://kroosh.com/ru/tehnologiya

(oaTta 3BepHeHHs: 17.04.2022).

11. YepsoHeHko A. I"., Mopyc B. J1. UsHococTOWKMe AUHaMUYECKM aKTUBHbIE NPOCenBaloLLme NOBEPXHOCTU U3 anac-
TOMEPOB ANSA pasgeneHus cbinyuynx matepuanos v nynon. Tpydsi Il MexdyHapodHo2o cumnolsuyma rno mexaHu-

Ke anacmomepos. [Hinpo, 1997. T.1. C. 296-310.

12. Hapgyteim B. ., FonbguH A. A., MNorpebwmxeHckuin . A. icnonb3oBaHWe pPe3OHMPYHOLWMX JTEHTOYHO-CTPYHHbIX
CUT B KOHCTPYKUMAX BMOPaLMOHHBIX rpoxoToB. Kokc u xumusi. 1991. Ne 8. C. 27-28.

13. TMoniyacToTHi rpoxoTu AN TOHKOI knacudikaii i 3HeBOOHEHHS NOApPIOHEHUX ypaHOBMX pya Ta Bigxonis ix nepe-
pobku / B. I'. LLleByeHko Ta iH. [eomexHidyHa mexaHika. 2017. Ne 137. C. 80-92.

14. Resonance screens. Binder+Co. URL: hitps://www.binder-co.com/1124/Resonance-Screens#Basic-Info (gata

3BepHeHHst: 16.04.2022).

15. Lactok B. B. TeopeTnyHa mexaHika: HaBu. noci6. Kuie: LleHTp HaBu. niT., 2004. 402 c.
16. Uucapx B. B., Mapycuk P. 1. MaTtemaTnyeckne metoabl KomnbloTepHom rpadmkun. Knes: ®akt, 2004. 464 c.

References

1. Mishchenko, I. M., et al (2011).

Sovershenstvovanie tekhnologii i

oborudovaniya aglomeratsionnogo

proizvodstva. Metallurgicheskie protsessy i oborudovanie, (3), 35-44
2. Chervonenko, A. G., & Morus, V. L. (1997). Iznosostoykie dinamicheski aktivnye proseivayushchie poverkhnosti
iz elastomerov dlya razdeleniya sypuchikh materialov i pul'p. Trudy Il Mezhdunarodnogo simpoziuma po

mekhani-ke elastomerov, Vol. 1, pp. 296-310

38


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

10.
11.
12.
13.
14.

15.
16.

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2023, Ne 4
Theory and Practice of Metallurgy, 2023, No. 4

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

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

Zaselskyi, V. Y., Popolov, D. V., et al. (2019). Udoskonalennia obladnannia ta protsesiv vuhlepidhotovky i
koksosortu-vannia metalurhiinoho vyrobnytstva. Literiia

Screening machines & screeners. Siebmaschinenhersteller, Nr.1- RHEWUM GmbH: [Website].
https://www.rhewum.com/en

Zhao G.. et al. (2020). Research on Static and Dynamic Characteristics of Shear Spring of the Vibrating Flip-
Flow Screen. Symmetry, 12(10), 1644. https://doi.org/10.3390/sym12101644

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

Vibrating screen for solids and liquids - Heilig Mixing Technology. Heilig Mixing Technology.
https://www.heiligmixers.com/products/screening-machine/vibrating-screen/

Tekhnologiya Kroosh. Multifrequencyequipment. Kroosh Tecnologies Ltd. http://kroosh.com/ru/tehnologiya
Chervonenko, A. G., & Morus, V. L. (1997). Iznosostoykie dinamicheski aktivnye proseivayushchie poverkhnosti
iz elastomerov dlya razdeleniya sypuchikh materialov i pul'p. Trudy Il Mezhdunarodnogo simpoziuma po
mekhani-ke elastomerov, Vol. 1, pp. 296-310

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

Shevchenko, V. H. (2017). Polichastotni hrokhoty dlia tonkoi klasyfikatsii i znevodnennia podribnenykh
uranovykh rud ta vidkhodiv yikh pererobky. Heotekhnichna mekhanika, 137, 80-92

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

Tsasiuk, V. V. (2004). Teoretychna mekhanika: navch. posib. Tsentr navch. lit.

Tsysarzh, V. V., & Marusyk, R. Y. Matematycheskye metody kompiuternoi hrafyky. Fakt

Hadidwna do pedkoneeii/ Received by the editorial board: 20.08.2023
lputiHama 0o dpyky / Accepted for publication: 20.11.2023

39



ISSN 1028-2335 (Print)

Teopisi i npakmuka memanypeii, 2023, Ne 4
Theory and Practice of Metallurgy, 2023, No. 4

YOK 621.774.35:621.771.22.047

https://doi.org/10.15802/tpm.4.2023.05

Bbaaakin B.®., Cmacescovkuii C.JI., Yepiomos 10./l., Baaraxanosa T.B., Yepiomoes /L.I0.
MetaJsio30epiraroua TeXH0JI0Tis BATOTOBJIEHHS TOBCTOCTIHHUX TPYO 3

0e31nepepBHOJINTOI 3ar0TOBKHM HA MUIITPUMOBOMY CTaHI

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

Metal-saving technology for manufacturing thick-walled pipes from

continuously cast billets on a pilgrim mill

AHomauyis. Po32nsiHymo crnocobu 3HUWXeHHs sumpam Memarty rnpu eueomossieHHi 0cobrnueo moecmocmiHHUX mpy6 3
D/S<6 3 6e3nepepsHOAUMOI 3a20moeKu Ha finizpumosomy azpezami 5-12" & ymosax AT IHTEPIIAMNIT HixHbo0Hin-
poscbkkuli mpybornpokam+ul 3ago0. MidsuweHuli sumpamsull KoegbiyieHm memany ni0 Yyac rpokamyeaHHs mpy6 Ha
nini2puMmogomMy cmaHi 3ymosnieHuli ocobnueocmsamu mexHosoezii, wo npu3eodums 00 306innbWeHHS 0bpi3y nepedHix
(3ampasoyHux) i 3a0Hix KiHuie mpy6, siki ymeoproroms niniepumosy 2onosky. [lpu ysomMy sumpama memary o Jyac
npokamyesaHHs mpy6 Ha azpeaami 3 niniepumosum cmaHoMm Ha 50-100 ke Ha moHHY mpy6 euwa, HiX Ha iHwWux azpe-
2amax (3 asmomamuy4HumM, besnepepeHuM ma iH. cmaHamu). Ha ocHogsi meopemuyHo20 aHarnisy ma eKcrepumeH-
marnbHUX 0aHUX i3 3acmocye8aHHsM 0it04020 MPOMUCI08020 0bnadHaHHs 6y10 8U3HaYeHo, WO MemodoM eapsiHoi npo-
KamyeaHHs 2ifb3 y cmuk MoxXymb 6ymu ompumari mpybu D/S<6 3 sikicHot0 cmpyKkmypoto memarly eomosux mpyb6, y
momy 4qucni Ha 3a0Hix KiHUsx, wo eidnosidaroms niniepumositi eonigyi. Pe3ynbmamu 0ocrnioxeHHs1 MoXymb 6ymu eu-
KopucmakHi 0nsi npokamygsaHHsi moecmocmiHHUx mpy6 3 D/S<6 wupoko20 po3MipHO20 i MapOYHO20 copmamMeHmy Ha
nini2pumMosux azpeaamax 3 MiHiMasibHOK 8UMpPamoro Memarsly Ha 3ampasky i nifbeep20s106Ky.

Kmroyoei cnoea: mpyba, niniepumosuli cmaH, 2inb3a, 3ampaska, Mifbeepa20si08Kka, €KOHOMIsi Memarly, cmpykmypa
memarny, besnepepsHonuma 3a2omoeka, fikeauisi.

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.

BcTtyn

3MiHa AKOCTi Ta pO3MIpHOro copTameHTy BuXia-
HOI 3aroTOBKW ANsl BATOTOBMEHHS TpyO, MiaBULLEHHS
BMMOT [0 SKOCTi FOTOBOI NPpOoAyKLUii, eKONoriYHOCTi Ta
E€KOHOMIi Ik eHepropecypciB Ta MeTano30epiraHHs y
npoueci BUrOTOBMEHHS TpyO noTpebye HoBoro nig-
Xo4y 0O TexHonorin, wo Hapasi 3actocoBaHi. Ocki-
NbKW Ha JaHWW Yac OyXe BaXKo BiAHOBUTW Ta 3po-
OUTN NOBHe MepeocHalleHHs obnagHaHHA Ha nign-
premcTBax Ha binbLl cydacHe, TO B KOPOTKOCTPOKO-
Bil MEPCNeKTUBi Ta y CKPyTHUX obcTaBmMHax Heobxi-
OHO 3HaxoAWTU HOBI WNAAXM NIABULEHHS SIKOCTI
NPOAYKLii, EKOHOMII eHepropecypciB Ta mMaTepianis
TOLWO.

AHania HasBHUX OaHUX Ta NMocTaHoOBKa npo-
6nemm

Mpouec rapsayoro niNiIrPUMOBOrO MNPOKaTyBaHHS
Tpy6 XxapakTepusyeTbCs 3Ha4YHMMK AedopMauismu
(3 KoedpiLieHTOM BUTSXKKM U Ao 15), wo 3abesneuvye
BMCOKWUIA CTYNiHb 06pPOBKM NUTOI CTPYKTYPU BUXIQHOI
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3arotoBku. Llen npouec 3abesnedye OTpUMaHHSA
TOBCTOCTIHHUX rapsdekataHux Tpy6 3HayHOi JOBXK-
HM (8o 15 M). AnbTepHaTMBOIO NOMY € nnLLe npouec
rapsidoro npecyBaHHs. [1, 2]. lNMpouec nepiognyHoi
NinirpMMoBOI  NMPOKaTKM TaKOoX LUMPOKO 3acTOCOBY-
€TbCS NpU BUPOOHMUTBI XonoaHokaTaHux Tpyo [3].
OaHuM i3 cknagHMX MOMEHTIB € eKOHOMisi MeTa-
ny nig 4Yac BMpobHMLTBa TOBCTOCTIHHMX Tpy6. lNpo-
uec ninbrepnpokaTyBaHHs 6yB Bigkputun B 1890 p.,
i Ha ToM Yac mMaB Hu3Kky nnwocis. inirpumoBun cno-
Ci6 BMpoGHUUTBaA TPYyO Mae He3anepeyHy nepeBary
Hacamnepeq 3a LWMPOTOK COpPTaMEHTY oOepXyBa-
HMX TpyO, a TakoX 3a AiaMeTpPOM i TOBLUMHOK CTiHKM,
TakK i 3a mapkamu ctani. [4, 5]. BogHoyac oo Heponi-
KiB LlbOro crnocoby BMpobHuUTBa TpyO MOXHa BigHe-
CTW HedoCTaTHIO NPOAYKTUBHICTL NiNirpUMoBUX CTa-
HiB, MiOBWLUEHHY Pi3HOCTIHHICTL roTtoBux Tpyb, 36i-
NblUEHUA BUTPaTHUA KoediuieHT meTany nig 4ac
npokaTyBaHHS TOHKOCTIHHMX TpYO [2, 6, 7].
Ocob6nuBy akTyanbHicTb Npobnema MopaepHisauii
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TEXHOJOrYHOro npouecy Habyna npu nepexogi Ha
OesnepepBHOnUTi 3arotoBkn (BJ13) mManoro giameT-
pa (NopiBHAHO 3i cTauiOHApPHMMW 3nMBKaMK, Bignu-
TMW Y BUIMBHULI), Ta NigBULLEHHI BUMOT OO SIKOCTI
npoaykuii. BuHnkna HeobxigHiCTb TepMiHOBOro ne-
pernagy nigxogy 00 TeXHonorii oTpuMaHHS 6e3LwoB-
Hux Tpy®.

Mpu oTpumaHHi Tpyb Ha arperati 3 ninirpumMoBu-
MW CTaHaMu OCHOBHi BTpaTu MeTany noB'aA3aHi 3 KiH-
ueBnm oOpi3oM y 3aTpaBKy Ta ninbrepronoBky. Lli
BUTPaTK MeTany cTaHoBnATb 6-10 % macu novaTko-
BOi 3aroTOBKW, MPMYOMY YacTka BUTpaT y 3aTpaBKy
cTaHoBUTb 25-27 %, a B ninbrepronosky — 83-85 %.
Takum 4YMHOM OCHOBHa YacTKa BTpaT meTany Ha ni-
nirpuMoBOMY CTaHi NoB'A3aHa 3 00pi3oM ninbrepro-
MOBKM, sika € HEMMHYYOI0 MpuW LboMy crnocobi aedo-
pmaLii.

lMpu BUKOPWCTaHHI B AKOCTI BUXIQHOI 3aroToBKY
3MUTKIB CTauiOHapHOI PO3NMBKM B BUIUBHULi MNpO-
fbnema 3Ha4yHWX BTpAT MeTany B MiNbreprosioBky He
Oyna akTyanbHOW, OCKiMbKM ycagoyHa AedekTHa
YyacTMHa 3nNuTka po3MillyBanacs B MinbrepronosLi,
Lo Bigpi3aeTbcA. Y TOM caMuin Yac nig Yac BUKOpUC-
TaHHSA B SIKOCTi BUXIAHOI 3aroTOBKWN KaTaHOro i koBa-
HOro metary ui npobnemu manu micue, npote Ginb-
wicTb Tpy® npokodyBanocsi 3 3MMTKIB CTalioHapHOT
po3nuekn. OcobnuBy akTyasnbHIiCTb npobnema 3Hu-
XKEHHS BTpAT MeTany B NWUbrepronoBky oTpumana y
3B'A3KYy 3 NepexogoM CroyaTKy Ha KBagpaTtHy, a 3ro-
Aom Ha kpyrny BNn3.

B YkpaiHi y 3B'a3Ky 3 nyCckom B eKkcnnyaTtauio B
2012 poui IHTepnann Ctanb Ta BCi TpybonpokaTHi
Lexun koMmnaHii [HTepnann nepeBefeHi Ha ogep)KaH-
Ha Tpyb 3 kpyrnoi BJ13. Lia nogia gana 3mory ictoT-
HO MOMINWWUTK EKONOTiYHY CUTyalito, a Takox 3abes-
neynno BMpoOHMUTBO TpyD Ha BCix arperatax Kowm-
naHii IHTepnawnn i3 kpyrnoi BJ13 giametpom go 500
MM i3 ByrreueBmx Ta HU3bKONMEroBaHNX Mapok crani
, LLO BMKOPUCTOBYETLCA K ANns BUPOOHMLTBA raps-
yekaTaHux TpyO, Tak i KOMiC Ta ocen 3ani3HU4YHOro
TpaHcnopTy.

BJ13 kpyrnoro nonepevHOro nepepizy Mae 3Hau-
HO KpaLly SIKICTb NOPIBHAHO 3i 3NUTKOM, BiANUTUM Y
BUINMBHULL, 3aBASAKA 3HWKEHHIO nikBauil XiMiYHMX
€N1EMEHTIB | 3HMKEHHIO HEPIBHOMIPHOCTI MeXaHiuHNX
BIacTUBOCTEN MO OOBXWHI 3aroToBKW. Y TOM camumn
yac ocobnuicTio kpyrnoi BJ13 € HasBHICTb 0CbOBOI
pUXMOCTi, WO MOB'A3aHO 3 ymMoBaMu (POPMYBaHHSA
CTPYKTYpVM MeTany B KpyrnoMmy kpwuctanizaTtopi nig
yac 6e3nepepBHOI po3nuBeku [6, 8].

Ha cborogHi TexHonoria BupobHuuTtea Tpyb gia-
MeTpoMm 168-426 MM Ha ninirppumoBoMy arperati 5-
12" HT3 3gincHioeTbea 3 kpyrnoi bI13 giameTtpom
380-470 mm, BupobneHoi Ha IHTepnann Ctanb 3a
TaKOK TEXHONOrIE. HarpiBaHHA B KifbLEBin nevi o
TemnepaTypu rapsyoi gedopmaldii, BuaaneHHs oka-
NVHK, 3aroTOBKM NPOLUMBAOTLCA B CTakaHi Ha ropu-
30HTanNbHOMY  rigpaBnidyHOMYy  npeci  3ycunnam
20 MH, a nortim, nmicns nigirpisy B KinbueBin neui,
CTakaHW pO3KaTylTbCA Ha KOCOBANKOBOMY CTaHi-
€rlioHraTopi B rifib3n 3 NpoLwmBkoto aeHus. MoTim ri-
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Nnb3n nepefarnTbCs Ha OiNAHKY NO3acTaHOBOro 3a-
BaHTaXeHHSA, Ae 3[INCHIOETbCA BUAYBKa OKanuHW 3
HUX | 3apsagka gopeH. Nnb3a 3 JOpHOM nepeaarTb-
CH Ha OfuvH i3 ABOX NiNirpMMOBKX CTaHiB, Ae 3a [Oo-
NMOMOro noJaBarnbHOro anapaTty po3kaTyoTb rinb3y
Ha JOpHi NpodpinbHMMK Bankamu B HYOPHOBY TpyOy
[OoBXMHOK 12-36 M. 3a NUAMIPUMOBOIO KMIiTTIO PO3-
KaT po3finsoTb Ha MipHi YacTuHU i Bigpi3aloTb ne-
pefHin KiHeub (3aTpaBKy) i 3agHi kKiHeub (ninbrep-
ronosky). lMicna nigirpisy B neyi 3 nepecyBHumMun 6a-
nkamm Tpyou KanibpylTbCsi 3a 30BHILUHIM OiaMeT-
pOM Ha OgHOMY 3 ABOX KanibpyBanbHMX cTaHiB. [lic-
nsi OXONOMXKEeHHS TpyOu nNpoxoasTb NpaBky Ha of-
HOMY 3 OBOX NPaBWUSIbHUX CTaHIB i HAAXOAATb Ha gi-
nsHKy 0bpobku rmagkux Tpyd abo Ha obcagHy mins-
HKY.

Mpn oTpymaHHi WMpokoro coptameHTy Tpyb 3a
TOBLUUHOIO CTiHKM KOeIiliEHTN BUTSXKKM Ha ninirpu-
MOBOMY CTaHi 3MiHIOIOTLCA B LUMPOKUX Mexax
pus=2.8-15.0. Tig 4Yac npokaTyBaHHs nepegHix (3a-
TpaBOYHMX) KiHUiIB Tpy6 3a BiACYTHOCTI «KOPCTKOro
KiHUS» 3i 36inblweHHaM ps 36inblyeTbea obpi3 3a-
TpaBOYHMX KiHUiB. TOMy Hambinbwuin peseps 3HUW-
XeHHS 00pi3y nepeaHix KiHLiB Mae MicLe nig vyac Bu-
FOTOBMNEHHSA TOHKOCTIHHMX i 0COBMMBO TOHKOCTIHHMX
Tpy6 [9].

LLnsxu 3HmkeHHs 0bpisi 3aTpaBOYHUX KiHLiB TPyO
po3rnsHyTi B poboTax [9, 10]. OTpumaHuin Ha ninir-
pPiMOBOMY CTaHi 3 rifb3n po3kaT CKNagaeTbCs 3 OC-
HOBHOI YacTuHMK 1, OOBXWHA AKOT L1, € cymolo Mip-
HUX (KpaTHMX) YacTWH, 3aTPABOYHOrO KiHUA 2, 0OB-
XuHOW Ls; i ninirpiMoBoi ronoBkn 3, OOBXMHOK Lr
(puc. 1, a). MinirpimoBa ronoBka CKNagaeTbCH 3 He-
gokaTty 4, npodpinbHol yactTuHm 5 i gingHkn Tpyou 6
(puc. 1, 6)

HacborogHi ogHMM 3 eeKkTUBHUX MeTOLIB 3HU-

XEHHS BUTpaT MeTany B MifbrepronoBky € npokary-
BaHHSA rinb3 y cTuK (puc. 2) [11].
MeToa npokaTyBaHHS rinb3 y CTUK nonsdrae B nocni-
[JOBHIM CTMKOBL, Ha OOPHI HeaoKaTaHOoI rinNb3n i Ha-
CTynHoi rinb3n. lNicna gedopmadii Tpybn Ha OopHI
3anuwaeTbCa HegoKkaTaHUMM 3afHid KiHeub Tinb3u.
[MoTim AopH BUTAryIOTh 3 po3KaTy i NogatoTb HACTyN-
HY rifb3y Ha HOBOMY [JOPHIi, Ky CTUKYIOTb 3 TOpLEM
nonepeaHbLOI Tinb3n, 3 NoganbliM po3kaTyBaHHSAM
ninirpymoBoi ronosku. MNpu ubOMy MinirpumoBa ro-
noBKa MOBHICTIO PO3KaTyeTbCH, a 3aAHii KiHelb Tpy-
Ou1 06pi3aeTbcs Ha goBXMHI 60-80 MM.

Micna 3akiHYeHHs nNpokaTyBaHHA nepLloi Tpyobu
NigHIMaloTb BEPXHI Banok, BUTAraloTb i 3aMiHIOTb
OopH. Tpyby npu LbOMYy He BiABOOATb POSibraHrom,
a 3anvwaroTb y Barnkax, a B NpuiManbHuiA >xonob
ninbrepctaHa nopawTb rinb3y ANs NpoKaTyBaHHA
iHWOI Tpybu, NOTiM OOPH BBOAATb B FiNb3y, a MOro
nepegHin KiHeub — B nepwy Tpyby (Mpu nosacTtaHo-
Bi 3apsaui Ha NinbrepctaH NofatoTh rifb3y pasom 3
AopHom). MNpu uboMy BiAOYBaETbCA CTUKYBaHHS ne-
peoHboro Topusd rinb3vM 3 3agHiM TopuemM nepLuot
Tpyoum.
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PucyHok 1. — PoskaT Ha ninbrepctaHi (a) i cknagosi YacTuHU ninbrepronoBkn (6): 1 — ocHOBHa YacTuHa
(npupatHa Tpyba), 2 — 3aTpaBka, 3 — NiNbrepronoska, 4 — HegokKaT rinb3n, 5 — NnpocdinsHa YacTuHa, 6 — gins-

Hka Tpybu
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PucyHok 2 — lNocnigoBHICTb po3kadvyBaHHSA CTUKY Finb3: 1 — nonepegHs rinb3a, 2 — HacTynHa rinb3a, 3 —

OOpH, 4 — Banok

BaxnmBoto ocobnusicTb MeTOOY NPOKATKU Tinb3 Yy
CTUK € TOM dhakT, Wo 3abesnevyeTbcs 6es3gedekTHa
npokatka nepegHix i 3agHiX KiHUIB rifnb3, WO CTUKY-
I0TbCS, OOCSAraeTbCcs MiHiManbHa obpi3 KiHUiB TpyO
(~50-80 mm). lMpu UbOMY nNepegHin KiHeub nepLloi
rinb3n B napTii (MNaBsLi) NpokaTyeTbCca 3a AeLo iH-
LWIMX YMOB (NMOBHOI BiCYTHOCTi «KOPCTKOIO KiHLISI»),
a po3KaTKy 3a[HbOrO KiHLS OCTaHHbLOI rinb3n B napTil
30INCHIOITL METOAOM PO3KaTKM Ha BifbHIA OiNaHLi
AopHa. OTpumaHHS HeobXigHMX MexaHiYHUX Bnac-
TMBOCTEN roToBux TpyO, Wo npokaTytoTeca 3 BJI3,
3anexvTb Big CTyneHs npopobkn NUTOI CTPYKTYpu
BMXiOQHOI 3aroTOBKMW, L0 XapaKkTepusyeTbCs cymap-
HOI BUTSKKOK Hacamnepes Ha ninirpuMoBOMY CTaHi
[7. Nig yac npokaTkn TOHKOCTIHHMX  TpyO
(D/S =12,5-40) Ha ninirpMMoBOMY CTaHi 3 KoedilieH-
TaMmn BUTSKKM P=9-15, gk 3a3Hayanocsa Buule, 3a-
6e3neyvyeTbCs JOCTAaTHE ONpaLoBaHHA BUXIQHOT M-
TOI 3aroTtoBku (3nuTkiB i BJ13).

BogHoyac npu OTpuMaHHi TOBCTOCTIHHUX Tpyb
(D/S=6,0-12.5) i 0co6nMBO TOBCTOCTIHHMX Tpy6
(D/S<6) 3HayeHHA CymapHUX BUTSXKOK CTAHOBNATb
2,5-12, Wo 3yMOBMOE B OKPEMUX BUMNagKax npose-

Tabnuusa 1 — Oedektn cTpykTypm BN3

OEHHSA O04aTKOBUX AOCHIAKEHb AKOCTI CTPYKTYpW i
BNACTUBOCTEW FOTOBOrO MpokKaTy 4Yepe3 HedoCTaTHE
onpauoBaHHs BMXigHOT NMUTOT 3aroTOBKU.

Ha nigctasi npoBegeHoro aHanisy BigoMux Me-
ToaiB MeTol poboTu Byno ekcnepMMeHTanbHe goc-
NifXeHHA 3MeHLUeHHa BTpaT MeTany Ha ninirpumo-
BOMY CTaHi B 3aTpaBKy i MinNbrepronoBky Ans 3Ainc-
HEeHHS npokaTku Tpyb 3 D/S<6 cnocobom npokaTku
rinb3n y CTUK i3 3abe3neyeHHsAM OTPUMaHHS AKICHOI

MeTanonpoaykuii..
MeToauka gocnigxeHHsA
Mpn npoBeneHHi JocnigHoi npokaTkn Tpyo

DxS=203%45 MM B AKOCTi BUXiAHOro mMarepiany Bu-
kopuctoByBanacs bJ13 giametpom 385 mm 3i ctani
45 BupobHuuTtBa IHTepnamn Cranb, sika Oyna Bu-
nnaeneHa y Ayrosii enekTpocTanennaBunbHin nevi i
po3nuta Ha MaluuHi 6e3nepeBHOro NMUTTS 3aroTOBKW.
TexHornoris npokaTky BigOyBanacsa 3a BuLeo3HaYe-
HOIO CXEMOIO.

AHanis oTpumaHux pesynbTaTtis

3rigHo TY Y 27.1-05757883-212:2011 gonycTtumi
AedekTn MakpoCTPYKTYpU He MOBUHHI NepeBuLLlyBa-
TN 3Ha4Y€eHb, 3a3Ha4YeHnx B Tabnuui 1.

JedekTn MakpoCcTpykTypH, 6an
Ockosa mo- | Ockosa TplLu,MH_!/l J:|IKBa.U,II/IHI cmyxkn | KpamoBa  Tou- X|M|_qH:_a Heoa-
. . . OCbOBOI M TPILWMHM 32 Me- | KoBa HEOOHO- | HOPIAHICTb
PUCTICTb niksauis : o .
30HMU pepisom pigHICTb (cBiTna cmyra)
CepefHii nokasHuK 212 1,75 0,375 0 0 0
no 4 3aroToBkax
Hopma 3rigHO BwU-
mor TY VY 27.1-
05757883- 2,0 2,0 1,0 1,0 1,0 1,0
212:2011
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HocnigkyBanu MakpocTpykTypy BuxigHoi BJ13 Ha
nonepeyHnx Temnnetax Big YOTUPbOX 3aroTOBOK
OfHI€l NNaBKkKn, cepeHi NOKa3HWKM HaBedeHo B Tab-
nuui 1. JocnigxeHHs makpocTpykTypu BJ13 Busisuno
CTPYKTYPHi 30HU, WO BiAPI3HATLCA Pi3HUM CTyne-
HEM PO3BUTKY, MPOTSXHICTIO, @ Takox hOPMOL0 i po-
amipamun kpuctanis. Ctpyktypa BJI3 BigpisHseTbCA
HEOAHOPIAHICTIO, WO BnacTueBa LUbOMy BuOy 3aroto-
BOK. BigsHauaeTbca BigCYTHICTb yCago4HOI pakoBu-
HW, po3LlapyBaHHS, 3aBOPOTIB KOPOK, ra3oBux Oynb-
0alWoK i TPiWMH, CTOPOHHIX HEMEeTaneBux i Lnako-

PucyHok 3. — MakpocTpyktypa temnneTty BJ13 Ne 1

OcobnumBo TOBCTOCTIHHI Tpybu 3 D/S<6 3acTtoco-
BYIOTbCH B MaWMHOBYAYBaHHI B AKOCTi MOPOXHUCTUX
3aroToBOK Afsl geTanen pisHoro obnagHaHHsa [13].
BupobHuuTBO TPY6 ONA MawwmHoOyayBaHHA 3Aivic-
HioeTbea no OCTY 8941:2019, ACTY EN 10297-
1:2022, OCTY 8938:2019 i TexHi4HUX cneumdikaLlin
3aMOBHUKIB. Ak npaBuno, Taki Tpybu, ski BMKopMC-
TOBYIOTbCS B MalMHOOYAyBaHHI, MigaalTbca Mexa-
HiYHI 06pobLUi 3 30BHILLIHBOI i BHYTPILIHLOI NOBEPX-
Hi.

Bigomo, wo anga rmbokoro onpautoBaHHSA CTPYK-
Typu nuToro metany B ToMy uucni i BJ13 HanbinbLw
eEeKTMBHUI NiNIrpUMoBUIA CNOCI6, 3 NOro 3HAYHUMM
cyMapHuMmn gedopmadisMmm npy nNpokaTyBaHHI TOH-
KocTiHHuX Tpy6 (D/S=12,5-40), wo pocdraioTb 3Ha-
yeHb 36-40. [lpy opepxkaHHi  TOBCTOCTIHHMUX
(D/S=6-12,5) i o0cobnMBO TOBCTOCTIHHUX TpyO
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BUX BKMoYeHb. Makpoctpyktypa BJ13 Ha nonepeu-
HMX 3pa3kax 3aJOBOJSIbHSE BMMOram BULLE3ragaHoro
TY (pwuc. 3).

OckKinbk1 MiaBULEHHST OCLOBOI MOPUCTOCTI OKpe-
MWX 3arOTOBOK MOXe MpU3BOAWMTU A0 36iNblUEHHS
NneH Ha BHYTPILHIA NOBEpxHi rotoBux Tpyb, TOMY
nocTiiHe niaBuweHHs skocTi BI3 | 3abe3neyeHHs i
cTabinbHO BMCOKOrO PiBHA € HanBaXnuBilLMM hak-
Topom 3abesneyeHHs HeobXxigHOI SKOCTi roToBOI
npoaykuii [12].

(D/S<6) nuTaHHA OTpUMaHHA sKicHUX Tpyb 3 Hepe-
dopmoBaHoi BJ13 kpyrnoro nonepedHoro nepepisy
BMBYEHI HegocTaTHLO [12].

B uin poboTi gocnimxeHo skicTe Tpy® po3mipom
DxS=203x45 mm 3i ctani 45, Ha TIA 5-12" 3a Tex-
Honorieto Kanbmeca, npu sikiv rinb3y oTpUMyTb No-
CNiJOBHO Ha ropM3oHTarlbHOMY MPOLUMBHOMY MpPECi i
po3KaTyBaHHi CTakaHy Ha erloHraTopi 3 NPOLUUBKOIO
OeHus.

Ons npokaTyBaHHSA Tpy6 po3mipom
DxS=203x45 mm Ha TlA 5-12" cneuianictamu nign-
puemcTBa 6yna po3pobnieHa TEXHOMOrid OTPUMAHHSA
Tpy6 3 BJI3 & 385 mm. Cxema Ta OCHOBHi XxapakTte-
pUCTUKN HaBedeHo y Tabnuui 2. CymapHui koediui-
EHT BUTSIKKN npu npokaTyBaHHi CKraB
M =pMnx pe x un.c =5.12.

Tabnuus 2 — TexHonoris oTpumaHHsa Tpy6 DxS=203%45 mm 3 BJ13 & 385 mm.

ETan TexHonori4Horo naHLoxka

XapakTepucTuku, Ae P — KoeilieHT BUTSXKN

1. MpolumBka Ha Npeci NPOLLUMBHUM MyaHCOHOM

@ ronosku 160 Mm
Po3amipu ctakaHy: Dc = 390 mm, Sc = 115Mmm,
KoediLieHT BUTSKKM Un = 1.17

2. MNpokaTyBaHHSA Ha enoHraTopi

Onpaska @ 127,5 mm, ye = 1.6.
Po3awmipu rinb3m Dr = 310 mm, Sr = 94 mm

3. MpokaTyBaHHs Ha MinrepcTaHi

Mn.c = 2.74
Nogaya m = 46,4 mm

B npoueci gedopmauii Bf13 Ha npoLumMBHOMY
npeci 3ycunnam pisHOCTIHHICTb CTakaHy Ha Moro ne-
peaHboMy KiHUi ckrnana 10 MM, a y camoro feHus —
37 Mm (puc. 4). ligBuLLEHa PI3HOCTIHHICTL CTakaHy
BiAHOCUTBLCA A0 AeeKTiB NPOKATHOIO MNOXOKEHHS i
Ha HacTynHMx eTanax gedopmaldii BoHa TpaHcdop-
MYETbCA B MiOBULLEHY Pi3HOCTIHHICTb Tinb3 i Tpyo,
30inbLuytoyun ix BigbpakoByBaHHS.

OCHOBHUMM NpUYMHaMK MiABULLEHOT Pi3HOCTIH-
HOCTi CTakaHiB Ha Npeci € HacTynHi: BiACYTHICTb cni-
BBICHOCTi MPOLUMBHOIO MyaHCOHa LWOAO OCi MaTpuu;
HasiBHICTb 3a30py MK 3aroTOBKO i MaTpULLEID; 3HOC
HaNpaBnsY0i BTYNKN MPOLUMBHOIO MyaHCOHA; He-
poctatHe abo HepiBHOMipHE HarpiBaHHa MeTa-
ny;aHi3oTponis BNacTMBOCTEN | OCbOBa nikBauis
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BI13. NpoBeaeHo aHani3 30BHILLHBbOI Ta BHYTPILLHbOI
NoOBEpPXHi cTakaHy (puc. 4).

BcTaHoOBMEHO, WO Ha 30BHILLHIN NOBEPXHi BUOHO
cnign xutaHHs kpuctanizatopa MBJI3; Ha noBepxHi
[AHa CTakaHy € BOPOHKOMoAibHe nornubneHHs (yTs-

XKVHa); Ha BHYTPILLHI/ NOBEPXHi CTakaHy € NO3[00BX-
Hi PUCKM, LLO NepexoasTb NO AHY CTakaHhy B NPOAu-
pwW, WO € HacMiAKOM 3HOCY FOMOBKM MPOLUMBHOIO My-
aHcoHa npeca; 6ins gHa cTakaHy B MOro AeHui €
rpybi pakoBuHW.

PucyHok 4. — [No380BXHiN nepepi3 cTakaHy B panoHi AeHusa npy npowwmBui BJ13 Ha ropuaoHTaneHOMy npeci

20 MH

Mo [DOBXMWHI CTakaHa CTpykTypa metany 6inbLu
ogHopigHa. lMpun LbOMY MO 30BHILUHLOMY KOHTYpY
CTpyKTypa MeTany 6inbll OfHOpigHA, HiXX MO BHYT-
PiLLHBOMY KOHTYPY, LUO MOSICHIOETbCS Pi3HULED B
CTyneHi gedopmadii Npy NpoLmMBLI CTakaHy Ha npe-
ci. Ha nonepeyHnx Temnnetax crakaHy Big3Hauda-
€TbCHA BiAMIHHICTb CTPYKTYpPMW i BENUYUHM 3epHa no
KOHTYpy. [Micnsa po3kovyBaHHA CTakaHy Ha erioHra-
TOPi 3 MPOLUMBKOK AEHUSA Pi3HOCTIHHICTb Tiflb3 3HU-
3unacsa mamxe B 3 pasu. BigsaHavaloTbCs BigMiHHOCTI
B CTPYKTYpi 30BHILUHbOrO i BHYTPILUHBOMO KOHTYpIB
rinb3n. BHYTpIWHI wapu BurnagawTb Sk 6u «wapy-
BaTVM MMPOrom», NPV LbOMY LUapW LWifbHO NpWns-

nepegHin KiHeub
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ratoTb oAuH 00 oaHoro. [pu KocoBarnkoBin poskaTty-
BaHHi Ha enoHraTopi B BinbLIOCTi BUNaakis Binbysa-
€TbCH 3aBaploBaHHSA NPOAUPIB i iHWKX aedekTiB me-
Tana. [Mopokn NOBepXHi rifb3 NepeTBOPITLCA Ha
Tpybax B 30BHiLUHi i BHYTPIiLHI NMeHu, WO Beae OO0
000aTKOBUX BUTPAT Ha PEMOHT i 36inbLueHHs obpisy
Tpyo.

MpokaTKy Trinb3 34iNCHIOBaNM Ha MinbrepcraHi
METOAOM Yy CTUK 6e3 yTBOPHBAaHHA NinbreprornoBku
3a paxyHoK il NOBHOro poskadyBaHHA. Bua 3agHboro
i NepegHbOro KiHUiB npokaTaHux TpyO HaBedeHi Ha
PUCYHKY 5, a Ha pUCYHKY 6 — TeMnneTu nepeaHboro i
3aHbOrO KiHUiB TPyOW.

6
PucyHok 5. — Tpy6a DxS=203 x 45 mm nicnsi npokaTyBaHHSA Ha NinirpuMoBOMY CTaHi: @ — 3agHil KiHeub, 0 —

9]
PucyHok 6. — 3oBHiLLHIN B TeMnneTiB Tpyom DxS=203x45 mm: a — nepefHin kiHelb, 6 — 3aHil KiHeub



OpHum 3 MeTofiB BUMNPOOYBaHb, Mpen'saBrneHnx
0o Tpy6-3aroToBOK AN noganbLlUoi MexaHiYyHoi 06-
pobKku, € KOHTPONb MAakpoCTPyKTypu. Ha Bumory
crnoxuBaya rapsyogedopmoBaHi Tpyou 3 TOBLLMHO
CTiHKM Binblie 12 MM nepesBipsATe HA MaKpOCTPYK-
Typy. [pn uboOMy He MOBWHHI BYTN BUSBNEHI cniaun
yCaaKOBOI PakoBMHMW, MOPOXHEMi, TPiWwuHKN, 6ynsba-
WKM Ta iHWi Bagw, BManmi 6e3 cneuianbHMxX npuna-
aiB. MakpoCTpykTypy MeTany KOHTponioBanu npo-
TPaBMEHHsIM cheuianbHO MiAroTOBMEHNX 3pas3KiB B
po34mHi kucnoT. OuiHKy MakpoTemnneTiB i 3namiB
NpoBOAWMY OrMAA0M Heo3bpoeHMM okom. [ns yTou-
HEeHHS Knacudikauii AedeKkTiB 4ONyCKaeTbCa 3acTo-
COBYBaTU ABOX-YOTMPbOXpa3oBe 30inblUeHHA (3rig-
Ho [ICTY 8975:2019).

B pesynbTaTi gocnigkeHb BCTAHOBMEHO, WO SK-
icTb BuxigHoi BJ13 y 3abesneuye oTpumaHHs Tpyb
po3mipom 203x45 mm (D/S<6) 3i ctani 45 3 3apoBi-
NBHOK SAKICTIO 3a4HiX | nepeaHix KiHUiB Tpy6 nig yac
npokaTkn y CTuK 6e3 ninbrepronoBkn, O 3HUXKYE
BUTPaTHUN KoedilieHT meTany .

Y MakpOCTpPYKTypi NepeaHboro i 3agHboro KiHuis
Tpybu Big3HavaroTbca crabo BupaxkeHi ABi obnacri.
Y CTPYKTYpi NepLUOi 3 HMX, LUMPUHA SIKOI CTAHOBUTb
0o 15 MM, € nikBauia — TEMHI TOHKI npoLuapkn pos-
Mipom 2...3 MM. JlikBauiss xapaktepuayeTtbcsa niaBu-
LeHM BMICTOM NepriTy i HemeTanesnx BKIIOYEHb,
AKi Nig BNIMBOM HaBaHTaXXeHb MOXYTb CMPUATU MO-
ABi po3wapyBaHb i TPILLMH, LLO 3HWXYIOTb MEXaHiyHi
Bnactmeocti Tpyb. OgHak y Tpybax, oTpMMaHux 3i
BCiX 3aroToBOK (Tabn. 1) KpUTMYHMX AedEKTIB He
BUSIBIIEHO.

PekomeHpauil Woao BAOCKOHANEHHS TeXHO-
norii otpuMaHHA Tpy6 3 D/S<6 Ha TIMA 5-12"

Y 3B'A3Ky 3 NiABULLEHO Pi3HOCTIHHICTIO CTakaHiB
Ha npeci Npu OoTpUMaHHiI Tpy® manoro giameTtpy 3
TOBLLMHOIO CTiHKM 45 MM i BinbLue i, AK Hacnigok, ni-
OBULLIEHOI Pi3HOCTIHHICTIO Tifb3 i roToBMx Tpyd 3a
AouinbHe € 3MiHa TexXHonorii B pe3ynbTaTi nepexoay
Ha NpAMYy MPOLUMBKY riNb3 Ana Tpy6 gaHoro coprta-
MEHTY, A451S YOoro HeobXigHO 3aiicCHIOBATK NpUCKope-
Hy nogadvy 3aroTOBKM Bif HarpiBanbHOI nedi Jo cra-
Hy-efloHraTopy, Ha SIKOMy BCTaHOBWUTU LIEHTpoOBadi
CTPWKHS ONpaBKM | Tinb3n, a Takox 3abe3neunTu
CMIBBICHICTb OCi CTaHy i OCi NPOLLMBKMW.

Mpu npokaTyBaHHI riNb3 Ha NinbrepctaHi eKoHo-
Mist MeTany 3a paxyHOK MOBHOIO pO3KOYyBaHHSA Minb-
repronoBku cknage 152,9 kr (6e3 ypaxyBaHHs obpi-
3y 3aHbOrO KiHUsi Tpy6u). Kpim Toro, npokaTka rine3
Yy CTUK 36inblUye KOPUCHY OOBXMHY TpyOuM 3a paxy-
HOK 3MEHLUEHHSI 3aTPaBOYHOIO KiHLS.
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[Ona nigBuweHHs ToyHocTi Tpyo Ha TIMA 5-12"
ofepXKyBaHux 3 rinb3 3a cxemoro Kanbmeca (mpec-
€IloHraTop) 3anpornoHOBaHO Kiflbka HOBWUX TEXHOMO-
rivyHMX piweHb. MNepwa TexHonoria nepegbavae Ha
NPOLUMBHOMY Mpeci 3MiHy KanibpyBaHHs poGo4oil
NMOBEpPXHi MaTpuLi Ta 3MEHLUIEHHS rMUBUHK NpoLun-
BaHHS OTBOPY 3 MoAanblUMM 3anvLIKOBMM MPOLUK-
BaHHAM AEHLS Ha KOCOBAIIKOBOMY CTaHi-enoHratopi
[14]. TexHonoris Nokpallye LeHTpyBaHHSA 3aroTOBKM
B MaTpuui npeca Ta 3HWXYE OCbOBE 3yCUnns Ha
NPOLUMBHUI MyaHCOH Y KiHUi npoueca. [Jpyra TexHo-
noria nepenbavae opmMyBaHHSI KOHIYHOI MOBEpPXHi
3aroToBkM OiNg OeHuUs B NpoLUECi MPOLIMBaHHA Ha
npeci 3a paxyHoOK 3MiHM KanibpyBaHHSA pobo4oi no-
BEpXHi MaTpuui 3 noganblUMM 3aBAaHHSM CTakaHy Y
Barku CTaHy enoHratopa 300Ky AeHusi ctakaHa [15].
TexHonoris 3HWXYE PI3HOCTIHHICTb NEepeaHbOro KiH-
Us rinb3n 3a paxyHOK MOMIMNWEHHS YMOBU MOro po3-
KaTkv Bankamu Ha onpasui. TpeTa TexHonoris ne-
penbadae Hackpi3Hy MPOLUMBKY 3arOTOBKW Ha Npo-
wuBHOMy npeci (6e3 geHus). Onsa 3gincHeHHA Ha-
CKpPI3HOT NPOLUNBKM NOPOXKHMUCTOT 3aroTOBKN Ha NpecCi
3HiMaloTb Mignip Ha 3agHii Topeub 3aroTOBKW, Ha-
npuknag, nepeMilleHHsIM ONopHOro nyaHcoHa B Ha-
NpsMi NPOLUMBKK | NPOLLMBAKOTL AeHLUe NPOLUNMBHUM
nyaHcoHom [16]. HoBa TexHosoris gae amory onepa-
TUBHO KOHTPOSOBATU 1 yCyBaTW NiABULLEHY Pi3HOC-
TiIHHICTb MOPOXHUCTOI 3aroTOBKM Ha Mpeci, Wo Mae
HanbinbLLUe 3Ha4YeHHs 6ing i 3aAHbOro KiHLS.

BucHoBku

MigBuweHnin BUTpaTHUA KoedilieHT MeTany nig
Yyac npokaTku Tpy6 Ha MinirpMMOBOMY CTaHi 3yMOB-
NeHnin o0cobNMBOCTAMM TEXHOIOTII, WO NpU3BOANTb
00 30inblueHHs o6pidy nepegHix (3aTpaBOYHMX) i
3afHix KiHUiB TPYD, siki yTBOPIOKOTL MiNirpMMOBY roO-
nosky. Npu uboMy BUTpaTa MeTany nig 4ac npokar-
kv TpyO Ha arperati 3 MinNirpuMoBum cTaHoM Ha 50-
100 kr Ha TOHHY TpY6 BMLLA, HiXK Ha iHLWKWX arperaTax
(3 aBTOMaTUYHMM, Be3nepepBHUM Ta iH. CTaHaMW).

BukoHaHi pgocnimpkeHHa Ha TIMA 5-12" HT3 pe-
dopmoBaHocTi cTpyktypyn BJI13, wo BukopucToBy-
€TbCA nig yac npokatkn Tpy6 DxS=203x45 mm 3
D/S<6, i BCTaHOBMEHO, WO 3a CyMapHOi BUTSXLi
5,12, po3kaTtaHi nepegHi i 3agHi KiHUi Tpy® MatoTb
3a0BifbHY AKICTb.

BukopucTtaHHa MeTody MpoKaTKW FiNb3uM y CTUK
ans 1py6 DxS=203x45 mm (cTanb 45) 3 BJ13 giame-
Tpom 385 MM 3abe3nevye 3HWKEHHS MacK 06pi3y Ha
152,9 kr 3a paxyHOK NOBHOro po3kayyBaHHS Minirpi-
MOBOI ronoBku (6e3 ypaxyBaHHA HeobxigHoro gona-
TKOBOro 006pi3y 3afHix KiHUiB Tpy® goBxuHow 50 -
80 mm).
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TepmoauHaMUYHNE aHAJII3 MArHieTepMil B pO3ILIaBi coJield mpu
BUPOOHINTBI TUTAHY

Kolbin M.O., Ihnatiev V.S., Holovachov A.M.,
Yaroshenko Ya.O0., Losev R.R.

Thermodynamic analysis of magnesiothermy in a salt melt during
titanium production

Mema OaHoi pobomu npopaxysamu 3a doromozor npozpamu HSC 3miHy mennosozo eghekma peakuii ma eirbHoI
eHepeii MazHieEmepMUuYHO20 8iOHOBEHHSI 8 po3rnasi conel npu supobHiumei mumaHy. OmpumaHi pe3ynbmamu roka-
3yromb, WO 3MiHa mernnogozo eghekmy peakuii 3 nodeiliHow conbko npubnu3Ho 8 4 pa3u MeHbwa 3a mpadiyitiHy Mo
memody Kpona. Takum duHoMm yi pe3ynbmamu 003805st0mb pekomeHOysamu OaHy nodsitiHy cinb (TiCl, - MgCl,) e
sIKocmi peazeHma 0ns OmpuMaHHsi mumasy MazHiemepMiyHUM Criocobom.

Knro4yoei cnoea: Memod Kpona, nodeitiHa cinb (TiCl, - MgCls), mennosuti e¢pekm, 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 - MgCI2) 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.

Bctyn

CepnosHum Heponikom TexHonorii Kpons € rete-
pOreHHICTb peakuii BigHOBMNEHHs TuUTaHy. 3a MeTo-
aom Kpons rasonogioHun TiCls B3aemogie 3 asepka-
nom po3snnaeneHoro marHito. CunbHa eksoTepMivHa
peakuis BiOHOBIIEHHSA rokarizoBaHa Ha MiKXdasHin
noBepxHi. BnaineHHsa Benukoi KinbkocTi Tenna B no-
PiBHANBHO Manomy o6’eMi NpocTopy Bede OO0 nopy-
LLIEHHS ONTUMAIbHOrO TEMNSIOBOrO PEXMMY NPU BUCO-
Kin WBKAKOCTI nigBody peareHTiB. 3HWXKEHHS uiel
LWBMAKOCTI BUKMUKAE HWU3bKY MPOAYKTUBHICTbL peak-
Topy [1].

MocTtaHoBKa npo6nemu

Ons noninweHHa npouecy HeobxigHO nepexo-
ONTb OO0 TFOMOreHHOCTI mpouecy BigHOBReHHsA. Lle
MOXIMBO 3pOOMTU 3a paxyHOK NEepeBEOEHHS YCiX
BUXiOHMX peareHTiB B rasoBy abo pigky dasy. B
LUbOMY BUMaZKy BiACYTHI AUy3inHi OOMexXeHHs i
peakuis nge no-BCbOMY peakuinHOMy 06’emy, Lo
[03BONSE PIBHOMIPHO PO3MNOAINATU TEennoBy HaBaH-
TaXeHiCTb No peakTopy i 6aratopa3oBo 30iNbLINTK
NOro NpOAYKTUBHICTb.

MeTa i 3aBAaHHA gocnigXeHb

MeTolo AaHOro JOCRIMXEHHS € poLypaxyHKU 3Mi-
HU Tennosoro edyekTy peakuil MarHieTepmiyHoro
BiJHOBMNEHHS 3a y4yacTio NOABINHOI Coni.

Martepianu Ta meToau focnimxeHb

TeopeTu4dHi po3paxyHku, 3a JONOMOroK nporpa-
© Konb6iH M.O. — K.T.H., gou. YOYHT
IrHatbeB B.C. — A.7.H., npocp. YOYHT
[onosayos A. M. — K.T.H., gou. YOYHT

ApoweHko A. O. — acnipaHt YOYHT
Jloces P.P. — YOYHT

Mu HSC, ska Bee po3paxyHKM TEPMOAMHAMIYHMX
napameTpiB, Npu piBHOBAa3i peakuin AKi € y uiel npo-
rpami, o O03BONSE pobUTU PO3paxyHKM TeEpMOau-
HaMiYHUX napameTpiB peakuii MarHieTepMu4Horo
BiJHOBNEHs MOABIKHOI CONi  nMpu  BUPOBHULITBI
TUTaHY.

Pe3ynbTaTty gocnigxeHb

Ons nopiBHsAHHHSA peakuii (Mmetog Kponna) 6yno
npopaxosaHo 3MiHy AH, AG, 3a gonomorot npo-
rpamm HSC pesynbTatv po3paxyHkiB HagaHi B Tab-
nvui 1.

TiCls+2Mg=Ti+2MgCl2 (1)

Ak 6aunmo 3HaveHHs AH ans uiei peakuii 3Haxo-
OaTbesa Ha piBHi -400-500k0x 1 3Ha4veHHs AG npub-
NN3HO Ha TaKOMY X PiBHI.

Ona peanisauii uiei inei, To6To0 roMoreHHocCTi pe-
akuii BigHOBMEHHs1, B poboTi [2] 3anponoHoBaHa Ma-
rHieTepmisa B posnnasi conen. [pouec 3acHOBaHO Ha
BigHOBNeHHi poannasy noasinHoi coni TiCl2-MgClz
pPiaKMM MarHiem 3a peakui€to:

TiClz - MgClz2 + Mg = Ti + 2MgCl2 (2)

Byno npopaxoBaHO 3MiHEHHS BinbHOT eHepril Uiel
peakuii 3 BukopuctaHHam nporpammu HSC. Ockinbkn
Takoro 3eaHaHHsA sk TiCl2-MgClz Hema B uiei npo-
rpami, To 6yno npopaxosaHo okpemo TiClz i MgCla.
PesynbTati umx po3paxyHkis HagaHi B Tabn. 2 i 3.

Ockinbkn gns peakuii (2) HeMOXnuBo 3pobuTu
po3paxyHku B nporpami HSC Oygemo pobuTtu ue y
© Kolbin M. —c.t.s., docent USUST
lhnatiev V. —d.t.s., proftssor, USUST
Holovachov A. —c.t.s., docent USUST

Yaroshenko Ya. — PhD student at USUST
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pydHOMy pexumi. PospaxyHok AH, AG pobutbcsa no

HacTynHUM Bupasam[3]:
AH®298 Tici2-Mgci2 =Z(Ni AH298)Tici2 + Z(ni AH 1 298)mgci2
AGP298 Tici2-Mgciz =Z(NiAGP298)Tici2 + Z(Ni AG ° 208)mgci2

AH®208=%(Ni AH ° 298 )xivy - Z(Ni AH £ 298)sux.

AGP298=%(Ni AG ° 298)inu - Z(Ni AG ° 298 )six

Toai gona peakuii (2) AH® i AG° 6yayTe maTtu Ha-
CTYMHWI BUMSA
AH®298=2 (AH ° 208)mgci2 - (AH ° 208)mgci2-TicI2.
AGC298=2 (AG 1° 298)Mgci2 - (AG ° 208)Mmgci2-TicI2.
Toai pesynbtaTtn pospaxyHky AH, AG ans peak-

uii (2) npencrtasneHi B Tabnuui 4.

Tabnuusa 1. PesynetaTtu po3dpaxyHky AS, AH, AG ansa peakuii (1)

TiCls+2Mg=Ti+2MgCl2
T deltaH deltaS deltaG K
K kdJ 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
Tabnuuga 2. PesynbtaTtu po3dpaxyHky AS, AH, AG ans 3egHaHHs TiCl2
TiCl2 Titanium(ll) chloride
T Cp AH AS AG
K J/(mol*K) kd/mol J/(mol*K) kd/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 ans 3egHaHHa MgClz
MgCl2 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

48




ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2023, Ne 4
Theory and Practice of Metallurgy, 2023, No. 4

Tabnuusa 4. PesynbtaTtu po3paxyHky AH, AG ans peakuii (2)

TiClz - MgClz + Mg = Ti + 2MgCls

T AH AG

K kJ kJ

273 -129,33 -129.915
573 -128.777 -130.782
773 -128.56 -131.326
1273 -84.18 -147.368

To6T0 npu Beix gocnimkeHHux TemnepaTypax AG
Big'eMHe i peakuia (2) BigbyBaetbcs, npu ubomy AH
3HAYHO HWXYa i 3HaxXoauTbCA Ha piBHi -100kdx

OcobnusicTio NpoLecy € Te, WO BCi BUXigHi pea-
reHTV 3Haxoaatbcsa B piakin dasi. MgClz rpae pornb
iHEpPTHOIO PO3BOOHMKA-TEPMOCTATY, AKUN OXOPOHSIE
30HY peakuii Big neperpisy npu BUAinNeHHi Tenna pe-
akuii TiClz ogepXyloTb B TOMY Xe peakTopi BigHOB-

NEeHHS, ane B iHLWIN peakLilHin 30HI LWNAXoM npony-
ckaHHs TiClsyepes TuTaHoBUIA nopolok (rybky) 3a
peakui€to:

0,5Ti + MgClz + 0,5TiCls = TiClz2 - MgCl2 (3)

Ona uiei peakuii Takox Gyno npopaxoBaHO Tep-
MOOMHaMiYHi mapameTpu 3a AOMOMOrOK MporpaMmu
HSC. Pesynbtatn pospaxyHkis 3amiHn AH, AG. Ha-
JaHi B Tabnuui 5.

Tabnuuga 5. PesynbtaTtn pospaxyHky AS, AH, AG ans peakuii (3)

0.5Ti+MgCl2+0.5TiCls=TiCl>+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 pospaxyHKiB TakoX cBigyaTb Mpo Te TiCls + Ti = 2TiCl2 (4)

wo peakuis (3) BigbyBaeTbCs y Bcemy iHTepBani go-
CnifpxeHnx Temnepartyp, a 3HayeHHs AH 3HaxoaaTb-
¢4 Ha piBHi -100k[x..

Ha BigMmiHy Big peakuii (2) B peakuii (3) BuxigHa
CyMill WINXTN € reTeporeHHa. Peakuia (3) eHpoTep-
MiYHa i He CynpoBOXYETbLCA NOKanbHUM neperpi-
BoM. Tennota peakuii nigsogntbca 3 pigkum MgCla.
MoaginHa cinb € NPOAYKTOM CUHTE3Y TUTAHOBOI ry6-
kn 3 MgClz. TutaHoBa rybka cnyxutb BiZHOBHUKOM
ana TiCls po TiCl2 3a peakuieto:

ABTOpM PO3pOOBKM MPOMOHYIOTb CYMICHICTb MpO-
LieciB OTpPMMaHHs1 cybxnopifa TUTaHy i MarHietepmii,
LLIO J03BOJSISIE BUKOPUCTOBYBATU EHEPrilo ek30TepMi-
YyHOI peakuii. nga pekuii (4), TakoX 3a JOMNOMOro0
nporpamn HSC 6yno npopaxoBHO 3miHy AH, AG,
pesynbTaTu po3paxyHKiB HagaHi B Tabnuui 6. Pe-
3ynbTaTu PO3paxyHKiB TakoX cBig4aTb Mpo Te Lo
peakuis BigOyBaeTbCa y BCbOMY iHTepBani Agocni-
OKeHnX Temneparyp.

Tabnuuga 5. PesynbtaTtn po3paxyHky AS, AH, AG ans peakuii (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
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OcHoBHa nepeBara mMarHieTepmii B COfieBOMy po-
3nnasi nepeq npouecom Kpona — Kpailia Makpoki-
HeTMKa peakuii BiQHOBMEHHS, WO € Oinbl WBUAKIM
3anoBHeHi peakTopa rybkotw. OgHave poannaeneHi
MarHil i Cinb He MOXyTb CknagaTt¥ roMOreHUn pos-
yuH. OTxe cnig YekaTu Koarynsuii B COnesoM posn-
naBsi MeTany B KPYNHi Kpanni i3-3a pi3HuLi B NOBEpX-
HEBOMY HaTAraHHIo, WO NPUBOAWUTbL A0 MOSIBIIEHHSA
MDKGA3HOT MexXi i 3HWKye 06’€EMHY MPOOYKTMBHICTb
peaktopa. Bunpaenatu cityauito, a 3aogHo 3anobi-
ratm yTBOPEHHI TyOKM MOXIMBO AMCNEpPryBaHHAM
Kpanenb MeTany HaknagaHHAM MILHUX 3BYKOBMX i
eneKkTpoMarHiTHMX KonveaHb abo iHTEHCIBHMM Me-
XaHiYHUM 3MillyBaHHSM pO3nnaBy B peakTtopi. He
noegHaHi B rybky 4actkn TutaHy Moxnmeo 6eanepe-
BHO BMBOAWUTYU i3 peakTopy, L0 € BENIMKOK nepesa-
roto NMPOMOHOBAHOIO CNOCO0OY OTPUMAHHS TUTaHy — B
MOPIBHEHHI 3 TpaAiUiHUM.

BucHoBku

MarnieTepmisa B po3nnasi conen noninwye npo-
LieC BiOHOBIMEHHS TUTaHy MarHiem 3a paxyHoK nepe-

BEeJEHHSI YCiX BUXiOHUX peareHTiB B ra3oBy abo pigky
¢asy, Lo rapaHTye roMOreHHiCTb npouecy. Ons uiei
MEeTU NpPOMOoHOBaAHO 3aMicTb rasonogdibHoro TiCls
BigHoBnATM xnopua TiClz y cknagi posnnasy no-
asinHoi coni TiClz - MgClz pigkum marHiem. Ocobnu-
BOCTI npouecy € Te, WO BCi BUXiAHI peareHTn 3Haxo-
aatbea B pigkin dasi. MgClz rpae ponb TepmocTarTy,
KA OXOPOHSAE 30HY peakLii Big neperpisy. 3MmiHa
TEennoBoro edekTy 3a yyacTio MOABIMHOI coni npu
MarHieTepMiYHOMY BiAHOBIEHHI NPMGM3HO B 4 pasu
MeHbLUa HiX 3a meTogoMm Kpona.

3MiHa BiNbHOI eHeprii 3a y4yacTio noAgginHoI coni
npyu MarHieTepMiYHOMY BiOHOBIIEHHI NpMBNn3HO B
4 pa3n MeHblla Hix 3a metogom Kpona, wo o3Bo-
nsie pekomeHgysatu cinb (TiClz - MgCl2) B skocTi
peareHTa npu MarHieTepMMyHoMy cnocobi BUPOBHM-
LTBa TUTaHY.

He noegHaHi B rybky 4acTKM TUTaHy MOXIMBO
6e3nepeBHO BMBOOUTM i3 peaKTopy, WO € BENWKO
nepeBarolo NPONOHOBAHOrO CNOcoby OTPUMAHHA TU-
TaHy — B NOPIBHEHHI 3 TpagilinHUM.
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Kinernka po3naay aycreHity npu 0e3nepepBHOMY OXO0JIOAKEHHI

HexedopmoBanoi 6opsmicHoi crauai 30I'1P

Sobolenko M.0., Romanova N.S.
Kinetics of austenite decay during continuous cooling
of undeformed boron-containing steel 30G1R

Mema. lMposecmu docnidxeHHs1 KiHemuku po3nady HedeghopMO8aHO20 1epeoxoiodKeHoeo aycmeHimy 3a besmne-
pepsHUM 0X0r0dXeHHsAM 6bopemicHOi cmari. BcmaHosumu 3aKkOHOMIpHOCMI gbopMys8aHHs cmpykmypu 60pemiCHOI
cmani 3a 6e3r1epepeHO20 OXOIOXKEHHS 3 PI3HUMU WeUOKocmsaMU 8i0 memnepamyp HazpigaHHsl. Memoduka. [ocri-
OXXEHHS1 (ha308uX repemeopeHsb i KiHemuku posnady HedeghopmMosaHO20 Nepeoxornod)eHo20 aycmeHimy npogodusnu
memodom AugbepeHUyitiHO-mepMiYHO20 aHaridy Ha 3paskax 6opemicHOIi crmari 3 00CHIOXKEeHHAMU MIKpOCmpyKmypu ma
meepdocmi. Pesynbmamu. BuguyeHo KiHemuKy nepemeopeHb i nobydoeaHo mepMoKiHemuy4Hi Oiagpamu po3nady He-
deghopmMoBaHO20 MepeoxosiodxeHo20 aycmeHimy 6opemicHoi cmani. BugyeHo Kpumu4Hi moyku i susierieHo ocobru-
socmi ernnugy wWeudKocmi 0xonodxeHHs HeOeghopmosaHo20 aycmeHimy Ha 06'eMHy YacmKy CmpyKmypHUX CKnadosux
bopsmicHoi cmari. Haykoea Hogu3Ha. [Toka3aHO MOMOXeHHsI KPUMUYHUX MOYOK meMnepamyp i OompumMaHo sIKICHy ma
KifbKiCHY KapmuHy cmpyKmypoymeopeHHsi 0ocrioxyeaHoi 6opemicHoi cmarni. BusieneHo ennue weudkocmi 0xoro-
OXXEHHS1 Ha Xxapakmep repemeopeHb ayCmeHimy ma mexaHidHi enacmusocmi docnidxysaHoi cmari. [fpakmuyHa 3Ha-
qyumicms. [IposedeHi OOCiOKEHHSI (3HAHHS MOMOXEHHST KDUMUYHUX MOYOK) 0aromb 3MOog2y yinecrnpsimogsaHo obupamu
memnepamypu Hazpigy, 0X0/100)KeHHsI ma i30mepMiYHUX 8UMPUMOK Mi0 Yac po3pobreHHs pexumig gidnarsny siK y Miok-
pumuy4HOMy iHmepearsni memnepamyp, mak i 3 4acmkogor abo rMoeHo ha3oe8oro rnepexkpucmarnisayicto. Ompumari pe-
3ynbmamu MOoXymb 6ymu eukopucmani npu po3pobui pidHUX PexXumie mepmiyHOi 06pobKuU, WO 3acmoco8yrombCcs 8
rpomucio8ux mexHoroeaisix supobHuymea 6yHmoegozo npokamy 3i 6opemicHoi cmani 0551 XornodHoI sucaoku.

Knro4doei crnoea: mexaHidyHi enacmugocmi, weuoKiCmb 0XOMOOXKEHHS], CMPYKMYypPOymeopeHHsi, mepmMokiHemuyHa Oiae-
pama, KiHemuka rnepemaeopeHb HedeghopMo8aHO20 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 ki-
netics of decomposition of undeformed supercooled austenite was conducted using differential thermal analysis on
samples of boron-containing steel, accompanied by investigations of microstructure and hardness. Findings. The kinet-
ics of transformations were studied, and thermokinetic diagrams of the decomposition of undeformed supercooled aus-
tenite 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 revealed. 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 re-
gimes both in the subcritical temperature range and with partial or complete phase recrystallization. The obtained results
can be utilized in designing various thermal treatment regimes applied in industrial technologies for the production of
coiled rolled products made from boron-containing steel for cold forging.

Ke ywords: mechanical properties, temperature regime, cooling rate, structure formation, thermokinetic diagram, kinet-
ics of transformations of undeformed austenite.

BcTtyn. OcHOBHa O3Haka npuaaTtHOCTI cTani Aans
BMKOPUCTaHHS il B PI3HNX KOHCTPYKLIAX — Lie KOM-
NNEKC MexXaHiYHMUX XapaKkTepPUCTUK, KU MOBUHEH 3a-
AOBOMBHATM BUMOram Ti€l KOHCTPYKTUBHOI CXemMu ae
cTanb Gyge BUKOPWUCTOBYBaTUCHA. NS KOHCTPYKUil-
HUX CTanemn i cnnaeiB SKICTb BM3HAYa€ETLCA CTaHAap-
THAMW NOKa3HWKaMu Lo 3abe3neuvytoTb HadiHICTb
nig Yac BUKOPUCTAHHSA X Y KOHCTPYKLUii. [iaBULLEHHA
HafiiHOCTi MeTaneBmx BUPOBIB i KOHCTPYKLIA 3 HUX Y
NOEAHAHHI 3i 3HWKEHHAM MEeTaNoEMHOCTI LLISAXOM
HaJaHHSA CTanbHWM 3aroToBKaM BiAMNOBIAHOI CTPYKTY-
pun i HeobXiAHMX BrACTUBOCTEN Mg 4Yac TEPMIYHOro
06pobneHHs, HanexaTb 00 HAaWBaXXNUBILLNX 3aBOaHb,
AKi Hapasi CToATb Nepen MeTanosHaBsUsaMK Ta daxis-

© CoboneHko M.O. — YOYHT
PomaHoa H.C. — YOYHT

OO

ugMuM 3 TepmidHoi 0bpobkm metany. Lli nutaHHs i ix
BMpiLLEHHs 6e3nocepeHbo NMOB'si3aHi 3 NiABULLIEHHAM
BNacTMBOCTEN KOHCTPYKLIMHUX MaTepianis, 30Kkpema
MeTanonpokaTy i3 60pBMICHUX CTanemn, NpU3HaAYEHNX
0N BUTOTOBJIEHHSI BUCOKOMILHUX KPiMWUIbHUX BUPO-
6iB. Came ekoHOMHoeroeaHa 6opBMicHa cTanb, Taka
gk 30MM1P, Hapasi cnyXunTb NepcnekTMBHUM Matepia-
oM Ans BUpOOHMLTBA BUCOKOMILHWUX KPINUIbHUX BU-
po6iB [1] 3amicTb TpaguuUiiHO 3acTOCOBYBaHUX Y
NPOMWCIOBOCTI CTanewn, neroBaHMx LOPOro BapTic-
HUMK enemeHTamu. BukopuctaHHs ©opBMicHUX cTa-
nen go3eonsie 30inNbWNTK 06CArM BUPOOHMLTBA BUCO-
KOMILHMX BMpPODGIB, WO BUIOTOBMSAOTLCA MeTodamm
XornogHoro 06’emHoro wramnysaHHs (XOLL).
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MoctaHoBKa npobnemu gocnigpkeHb. TexHonorisa
BMIOTOBIEHHS BUCOKOMILIHUX KPiNUibHMX BUPOGIiB po-
3BMBAETLCS Yy HanpsiMKy 30iMnblUEHHS rPaHU4HOro
CTyneHsi gedopmallii 3aroToBoK (COPTOBOro MeTarno-
npokaTy) ana XOLW 3a icToTHUM ycknagHeHHAM do-
pMu KpinuneHUX BUpoOGIiB. ToMy OO CTPYKTypu i Bnac-
TMBOCTEN CTanen, Wo BUKOPUCTOBYIOTLCA AN BMPO-
6iB LUbOro Kracy, BUCYBalTbCS A0AATKOBI BUMOrK, a
came OAHOPIOHICTb MeXaHiYHUX BNacTUBOCTEW, Nia-
BULLEHMN pecypC  MNMACTUYHOCTI Ta OAHOPIOHICTb
CTpyKTYpn. Bigomo, Lo HepiBHOMIPHICTbL CTPYKTYpu
HM3bkoByrneueBoi crani ans XOLUl npusBoanTtb Ao
Opaky BMpOOIB nig 4Yac XONoA4HOro WTaMnyBaHHs [2].

MiX TMM KOHCTPYKUiMHI cTani Ans Xono4Hol Buca-
OKW TMOBUWHHI MaTW y MOYaATKOBOMY CTaHi CTPYKTYpy
3€epHUCTOro nepnity neesHoro 6any, piBHOMIPHO pPO3-
noaineHoro B matpuui. Taka cTpykTypa, CTOCOBHO 3a-
3Ha4YeHUx cTanen, NOpPiBHAHO 3i CTPYKTYpPOI mracTu-
HYacTOro NepniTy, BONOAIE KPaLLOK TEXHOMONIYHICTIO
N eKOHOMIYHICTIO Mif, Yac noganbLunx HeoOXigHMX 06-
pobok meTany [3, 4]. Ins oTpuMaHHs CTPyKTypu 3e-
PHUCTOrO NEepiTy COPTOBUIA METanonpokaTt (kaTaHKy)
npusHaveHnn ans XOW nigoatoTb cdepoignayrovo-
My Bignany. TpaguuinHi cnocobu cdepoigmsadii ka-
pbigHoi dhasm noTpebytoTb TpMBaroro Yacy ans pea-
nisauji npouecy TepMiyHoi 06pobkun (TO), xapakTepu-
3yIOTbCA BUCOKUMW €HEpreTUYHNMM BuTpaTamm Ta
MatoTb PSAA iHWKX Hegonikis [4].

[ns ckopodeHHs TpuBanocTi npouecy cdepoiaun-
3auii 3aCTOCOBYHOTbCHA PiBHOMaHITHI cxemun nepenob-
pobok MeTanonpokaTy, pi3Hi cnocobu Ta TexHonorii
KOMOiHaLiiHuX 0OpobOoK rapsyekaTaHoro npokarty
anst XOLW [5]. BkasaHi nepenobpobku 3a3Buyai rpy-
HTYIOTbCA Ha 36iMbLUEHHI QUCNEPCHOCTI YaCTUHOK Ka-
pb6inie i gedeKTHOCTI KpucTaniyHol peLliTkn mMaTpuui
LUMSIXOM 3HWXKEHHSI TemnepaTtypu po3nagy ayCTeHiTy
B oOnacTi eBTeKTOigHOro (nepniTHoro) nepeTBo-
peHHs. Cxema pexumy cdepoignsyodoro Bignany
npv LUbOMY MPUHLUMUMOBO HE 3MIHIOETLCS: BiaOyBaeTb-
Csl HarpiBaHHA 3 YaCTKOBOI (Pas3oBOKO nepekpucTarni-
3auieto i 3aiNcHI0ETbCA cdhepoiam3auisa kapbigis HUX-
ye Temnepatypu Aci. TobTO chepoigmsadia 6esno-
CepenHbO 3M4IMCHIOETLCH Y MpoLeCi i30TepMiYHOT BU-
TpumMkn, abo y npoueci 6e3nepepBHOro MOBINIBHOIO
OXOMNOMKEHHsl, abo pgekinbkoma i30TepMiYHUMKU BU-
TPUMKaMW Y NPOLLECI OXONOKEHHS.

3HayHe CKOpOYeHHs1 TpMBAarnocCTi cepoiansyoyo-
ro BignantoBaHHS [OCAraeTbCA 3aBOSKW 3aCTOCOBY-
BaHHIO enekTPoTepMiYHOi 00pobkM 3aroTiBku [6].
BigmiHHOIO OCOOMMBICTIO BKa3aHOi 06poOKM € BUCOKI
LUBMAKOCTI HarpiBaHHA meTany, Lo 3abe3neuyloTbcs
3aBOSIKM  BUKOPWUCTAHHIO  BMCOKOKOHLEHTPOBAHUX
Kkepen (enekTpoKOHTakTHe abo iHAyKuinHe Harpi-

BaHHS). Nopsa 3i 3HAYHUM CKOpPOYEHHSAM (Y Aekinbka
pasiB) TpuanocTi TO, 3aBasikM cneumdivyHoOMy BMn-
BY BWCOKWMX LUBMAKOCTEMW HarpiBy Ha MexaHiam i KiHe-
TUKY CTPYKTYPHUX 3MiH 0BpobnioBaHOro COpTOBOro
npokarty, [ocsAraeTbcs BinbLL BUCOKMIA KOMMNINEKC BNa-
CTMBOCTEN CTanbHuX Bupobis [6].

OpHak, Tpeba po3ymiTH, WO eneKkTpoTepMivyHa
06pobka 3aroTiBKM He nuLle NPUCKOPIHOE NpoLec Ha-
rpiBaHHS MeTany A0 NeBHUX HEOOXiOHMX TemnepaTyp
(3a paxyHOK 4YOro 3MeHLLYETLCS 3aranbHa TpMBanicTb
cchepoiansyodoro BignantoBaHHs), a W Npu LbOMY
MOX€e BUKOPMUCTOBYBAaTUCH ANsi CTBOPEHHSA Takux Te-
MMepaTypHUX PEXUMIB, 3a AONOMOrOK KX 3abes-
neyvyloTbCs pi3ke MPUCKOPEHHsT BriacHe Ge3nocepea-
HbO cchbepoiamsauii LEMEHTUTY CTaneBuX 3aroTOBOK,
MOXIMBE 3a PaxyHOK 3MiHW MeXaHi3MiB LibOro npoLe-
cy. | ue, Ha Hawy AymKy, € HOBMI NOMsSA, Ha Npouec
iHTeHcudpikauii cdepoigmsauii LEMEHTUTY HU3bKOBYT-
neuesmnx 6OpPBMICHMX CTanen.

3HaHHSA 3aKOHOMIpHOCTEN POPMYyBaHHS CTPYKTYPU
Ta HeOOXiAHOro PiBHA MeXaHiYHVX BracTUBOCTEN Npu
LUBUAOKICHMX HarpiBaHHi Ta OXONOAXeHHI BOPBMICHMX
cTanen gatoTb 3MOTy BUKOHAaTW MiAroTOBKY CTPYKTYp-
HOro CTaHy CTarbHOi 3aroToBkM Ge3nocepeaHbLO ne-
peqg cdepoignaytouolo  BUTpUMKow.  OTpuMaHui
CTPYKTYpHUMI cTaH Oyae BpaxoByBaTu OCOGNMBOCTI
chepoiamsauii LEMEHTUTY Y HU3bKOBYrNELEBUX CTa-
nax, a Takox CnpuaTM HeobxigHOMy posnoAiny rrno-
Oynb LeMeHTUTY B (PepuTHIN mMaTpuui. TakuMm YnHOM
npoBeAeHHA OOCNiMpKeHb 3aKOHOMIPHOCTEN BMMBY
LUBMAKICHWUX pexXnMIiB TemnepaTypo — gedopmauiiHoi
06pobKkM Ta NMOAanbLLOro pPerfnameHToOBaHOro OX0Jio-
[KEHHS1 COpPTOBOro npokaty 3 OOpBMICHWX cTanemn
ana XOLW Ha cTpyKTypHi Ta ¢a3oBi NepeTBOpPeHHs
Hapasi € akTyanbHo nNpobremoto.

Ons obrpyHTOoBaHOro nigxogy OO pPO3pobMeHHs
pexumis i TexHonorii TO kanibpoBaHoi cTani ons xo-
NIOQHOro BMCAKYBaHHA Ha MepLioMy etani gocni-
DKyBanu KPUTUYHI TOYKM Ta KIHETUKY NEepeTBOPEHb
HegedOpMOBaHOIO  MEPEOXONOMKEHONO  ayCTEeHITY
ctani 30rMP.

Martepian Ta MeTtoauka pocnimkeHb. [ocni-
[PKEHHS MPOBOAMMM Ha 3pasKax KaTaHky aiameTpoMm
6,5...10 mm 3i ctani 30IM1P (aue. Tabn. 1), sky B ga-
HUA Yac LUMPOKO BUKOPUCTOBYHOTb AN OTPUMaHHS
BMCOKOMILHUX KpiNnUIbHUX BUPOOIB XOnogHow Bucaa-
KO 3 MofanbLUMM rapToMm i BignycTkoto. BmicT 6opa i
as3oTy JocnigpKyBaHMX Mapok cTanen (avenck Tabnu-
uo 1) npu uboMy cniBBigHOWEHHA Gopa i a3oTy 3a-
Gesneyye, 3 0gHOro BOKY 3pOCTaHHST  PO3KAPHBAHO-
CTi BUpOGIB 3 LMX Mapok cTani, a 3 gpyroro 60Ky, no-
ApiOHEHHS 3epHa ayCTeHITy nig 3arapTyBaHHS.

Tabnuus 1. XimiyHni cknag gocnimpkyesaHoi mapky ctani 30MM1P

Mapka MacoBa yacTka enemeHTiB, %
cran Si Mn |Al | Ti S P cr |cu |B N
30MpP 0,3 | 0,30 1,02 | 0,02 | 0,017 |0,007 |0,024 |- - 0,0007 | 0,016
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Mpn npoBefeHHI AocnigkKeHb BMKOPUCTOBYBaNn
BMCOKOLLBUOKICHE ~ €NeKTPOKOHTaKTHE  HarpiBaHHs
3paskiB Ha nabopaTopHil ycTaHOBLj, sika obnagHaHa
NPUCTPOSIMWN BOZOMOBITPSIHOrO OXOJTOKEHHST Ta Cu1C-
TEMOIO KOHTPONS, peecTpaLii i perynoBaHHa npouecy
HarpiBaHHa Ta OXONOmKeHHsl. BukopuctaHHa nabo-
paToOpHOI YCTaHOBKM 3 BUCOKOTEMMNEPATYPHUM €reKT-
POKOHTAKTHUM HarpiBOM Yy MOEOHAHHI 3 KOMMIEKCOM
neyew i TepmiyHMX BaH, WO 3abesnedvyoTb Heobxia-
HUA Oiana3oH LWBMAKOCTEN oxonomkeHHsa (Big 0,14
po 350 °C/c) wnaxom nigbopy BiANOBIAHOIO OXOJIO-
[XKYI4Oro cepefoBuLLa, OO3BOMSE BUMBYATU BNIMB
BNacHe i30TepMiYHUMX i HacoBMX NapaMeTpiB Ha SKICTb
crani.

HocnimpkeHHst 0cobnMBOCTEN CTPYKTYPOYTBOPEHHS
BMKOHaHi i3 3acTocyBaHHAM  AudEepEHLiHO-
TepmiyHoro metogy adanisy (OTA), dkui gossonse
(ikcyBaT TemnepaTypHi iHTepBanu da3oBux nepe-
TBOPEHb Yy CMnaBi MOPIBHAHO 3 eTanoHom [7,8]. B sko-
CTi eTanoHa BMKOPUCTOBYBaNM 3pasku 3 HePXKaBito4voi
ctani mapkm X18H10T, sika He BUNpobOBYE NepeTBo-
peHb y poboyoMmy iHTepBani TemnepaTtyp. HeobxigHo
BiA3HaumMTh, wo meton LTA [o3BoONsi€ BU3HAYUTU
TemnepaTypo — YacoBi iHTepBanu yTBOPEHHSI 3EPHNUC-
TOro Ta MAacTMHYaTOro MepriTy, i TaKoX MPOBOOUTM
BiANpaubOBYBaHHA NapamMeTpiB  cdepoiansyovoro
Bignany Ans OTPUMaHHS cTani 3 3agaHuMm CTyrneHem

1000
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o
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589 365
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cdepoiamsadii kapbigHoi dasn.

LocnigpkeHHa MIKpOCTPYKTYpU MeTany npoBoavnn
3a pgonomoroto Mmikpockona «Neophot—-21». Lnicwn
BUrOTOBMANN 32 CTaHOAPTHOK METOAMKO, 3aCTOCO-
BYBaHHi 36inbLUEHHA Npu CBITNOBIN Mikpockonii x50 i
x500. BuMiptoBaHHSA TBEpAOCTi Y TabopaTopHMX yMO-
Bax npoBoaunu no wkani Bikkepca npuctpoem Tl —
7P1, a MexaHi4Hi BNacTUBOCTi BU3Ha4anu npu ogHo-
BICHOMY pO3TAryBaHHi 3a CTaHOAPTHOK METOAUKO
Ha mawuHi FU — 10000ez.

Buknag ocHoBHoro matepiany gocnimkeHs. lMpo-
BeAEHUMU OOCHiMHKEHHAMN BCTAHOBMEHO, LLO MOfo-
XEHHSI KpUTMYHMX ToYok ctani 30MM1P BkasaHoro Ximi-
YHOrO CKNnagy BiAnoBigae Temneparypam:

Ac1=725 °C; Acs=795 °C;

3HaHHS MOJIOXEHHS KPUTUYHUX TOYOK [03BONISAE
uinecnpsiMoBaHo BMOMpaTU TeMmnepaTtypu Harpisy,
OXOJTOPKEHHS! Ta i30TePMIYHUX BUTPUMOK | Jae 3Mory
BMKOHYBaTV pob0TK NoB’A3aHi, 6eanocepeaHbo, 3 po-
3pOOKOI pexmMiB Bignany §K y MigKPUTUYHOMY iHTe-
pBani Temnepartyp, Tak i 3 YacTKOBOK abo MOBHO
ba30BotO NepekpucTanisaui€eto.

[nsa BusHadyeHHsa pexxumiB TO, OTpMMaHHA pPi3HUX
CTPYKTYPHUX CTaHiB nepen cdpepoignsyounm signa-
nom 6yno nobyaoBaHO TEPMOKIHETUYHY Aiarpamy po-
3nagy nepeoxoniomkeHoro aycteHity crtani 30MMP

(pnc.1).

222200 191182 180 169 160 151

10° 10° 10°

Yac, c

Puc. 1. TepMokiHeETMYHA fiarpama NepeTBOPEHHs aycTeHiTy 6opemicHoi ctani 30IMMP

MpoBeneHi pocnimpkeHHa i aHania nobygoBaHol
TEPMOKIHETUYHOT AiarpaMu JO3BONUB NpoaHanisysa-
TN NPOLEC CTPYKTYPOYTBOPEHHS Ansi CTasni BKa3aHoro
XimiyHoro cknagy. KinbKkicHUA BMICT CTPYKTYpHUX
CKMadoBuX, LLO BMHUKAKOTb NPU OXONOMXKEHI 3 Pi3HK-
MM LUBUMAKOCTAMMU HeedopMOBaHOro ayCTeHiTy crani
30MP, npegcraeneHo Ha puc. 2.

3icTaBneHHs1 KpMBUX ONS BignoBiOHWX CTPYKTYp-
HUX CKINafoBUX MOKA3Ye, LLIO YTBOPEHHS 00’€MHOI Ya-
CTkn cheputy, nepnity, OerHiTy Ta MapTEeHCUTY Ans
ctani 30N 1P mae 3aranbHuin xapaktep 3miH [9].

AHaniz 3akoHOMIipHOCTelN posnagy nepeoxorio-
DKeHoro aycTeHity crtani mapku 30M1P (aomB. Hase-
OeHi Buwe puc. 1 Ta puc.2) nokasas, LUO NepeTBo-
peHHs 3a 6e3aMdY3iINHNM MEeXaHi3MOM 3 YTBOPEHHSIM
100% mapTeHcuTy (puc. 3a) BiobyBaeTbCca Mpu LWBU-
OKOCTi oxonomkeHHs npubnusHo 250 °C/c i Buwe.
[Mo4yaTok MapTEeHCUTHOro MepeTBOPEHHS BiAMNoOBioae
TemnepatypHin Touui 355 °C, a TBepaicTb NpoayKTis
posnagy gopisHioe HV 631.

Mig Yac OXONoMKEHHN 3i LUBMAKICTIO HWMXKYE Kpu-
TuyHoi (B iHTepeani 250 °C/c — 15 °C/c) BcturaoTb
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4acTKOBO MpoTikaTn AMdy3inHi npoLecu 3a po3nagom
aYCTEHITY 3 YTBOPEHHSIM KpPiM MapTEHCUTY Le i npo-
OYKTY NPOMDKHOrO OenHITHOro nepeTBOpeHHs (Oo
60% OelHiTy), Lo NPU3BOAMTL A0 3HWKEHHSI TBEPAO-
cTi po 365 HV (puc. 36). MNMoganblue 3HWKEHHS LWBUA-
KOCTi oxonomkeHHst (0o 7 °C/c) cnpuymnHse GinbLy iH-
TEHCUBHE NPOTiKaHHA Andy3iMHUX npouecis 3 BUAI-
NEHHAM Yy TemnepaTypHoMmy iHTepBani 650 — 550 °C

CTPYKTYPHO — BinbHOro ceputy, a B iHTepsani 600 —
500 °C — nepniTy. Y CTPYKTypi Takox Mmoxe 6yTu npu-
CYTHIM B He3HauHii kinbkocTi 0erHiT (puc. 3B). Lle
npu3BOANTbL A0 ICTOTHOrO 3HWXKEHHHA TBepAocCTi (4o
215 — 222 HV), npn uboMy KifnbKiCTb CTPYKTYpU npo-
MDKHOro Tuny Moxe 3MiHloBaTucs B iHTepsani Big 40
80 15 —20%.

Puc. 2. Bnnue WBWAKOCTI OXONOMKEHHSA Ha TBEPAICTb Ta KiIHETUKY NepeTBOPEHHS NEPEOXOSOMKEHOro ayc-
TeHiTy ctani 30M1P: A- GenHiT; O- cdbeput; O - nepnit; <- MapTeHcUT

3HauyHe yTBOpEeHHS hepUTHO-NEPNITHOI CTPYKTYpU
BiaOyBaeTbCA NpPU OXOMNOMKEHHI 3i wWBMAKICTIoO 1 —
5°C/c i meHLle. 3HMKEHHS LLIBUOKOCTI OXOJIOPKEHHS
NpU3BOAUTL [0 MNMAaBHOMO 3pOCTaHHS KinbKocTi  e-
puTy Ta Nepnity y CTPYKTYpi, NpW LibOMY KifbKiCTb
GenHiTy ameHwyeTbca o 3-5% BignoBiAHO AaHUM Mi-
KPOCTPYKTYPHOrO aHanidy, a npu LUBMAKOCTI OXOno-
okeHHs 0,5 — 1°C/c npoueHTHe cniBBigHOLWEHHA doe-
puTYy M nepnity ctaHoBuTb BignosigHo 60 Ta 40%
(puc. 3r). Teepgictb ctani 30M1P 3 Takol CTPYKTy-
poto gopisHioe 169 HV.

Mpn wBmakocTsx oxonomkeHHA meHwe 0,5 °C/c
BioOyBaeTbCA MPaKTU4HO TepmMoguHamiyHe piBHOBa-
XHe Andy3sinHe NepeTBOPEHHSA ayCTEHITY 3 YTBOPEH-
HsM dbepuTy Ta nepnity (puc. 3 A, e). TBepaicTb Takoi
CTPYyKTypwu cTaHoBuTb 151 HV.

PesynbTtatu gocnipgxeHb. Ha nigcrasi HaBege-
HUX eKCriepuMEeHTanbHUX AaHUX MOXEMO CTBepaXy-
BaTW, WO XapakTep TpaHcdopmaLii nepeoxonomke-
HOro aycTeHiTy npu 6e3nepepBHOMY OXOSOMKEHHI
Mae fesiki ocobnMBOCTi, @ came, 3HayHy CTIMKICTb Y
Yaci NepeoxonoMKEHOro ayCTeHIiTy Yy NPOMiIXHIA 06-
nacTi, LWo Npu3BoAUTb A0 BUHUKHEHHS Y CTPYKTYPI A0
65% 6enHiTy npu weuakocTi oxonomkeHHs 20 °Clc, i
HaBiTb Npu oxornomkeHHi 3i weuakictio 0,5 °C/c go
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3...5% 6GenHiTy. BusasneHi ocobnmBoCTi BNNMBalOTb
Ha-CTPYKTYpY i BNacTUBOCTI NPOAYKTIB ayCTEHITHOro
posnagy i, 9K HacrnigoK, Ha POpPMyBaHHS TEXHOMOrY-
HUX BracTMBOCTEN MeTanonpokaTy Mpu Moro noaa-
nbLoi nepepobui. Tak, He3Baxaroum Ha BiZHOCHO He-
BEMUKY 06’€EMHY 4YacTKy, y CTPYKTypi BerHiTy ue Moxe
3HU3UTU TEXHOMOrYHY MMNacTUYHICTL nigkaty, AKUn
npusHaYeHn Anst XornogHoro AedopMyBaHHs (Kani-
OpyBaHHs, BUCAOKM Ta iH.).

HeobxigHo 3a3HaunTu, WO HaBedeHi AaHi cTtocy-
I0TbCS 3aKOHOMIPHOCTEN po3najy ayCTeHiTy, 3 OKpe-
MOrO HarpiBaHHs. Y peanbHOMY TEXHOMOrYHOMY
npoueci BWUIOTOBMEHHS CTaneBMX 3aroTOBOK Anis
XOL rapsya nnactnyHa gedopmadis nopyLuye cTaH
ayCTeHiTy, a 06e3nepepBHO — MOCNILOBHMI BNUB
nnactTuyHoi gedopmalii i HaCTynHe OXONOMKEHHS
CyTTEBO BMNMBAE Ha CTPYKTYpY i BracTMBOCTI cTani
[10]. Onsa BMBYEHHSA BNNMBY rapsivoi NnacTu4HoI ge-
dopmalii Ha KiHeTuKy ¢ha3oBUX NEPEeTBOPEHb Y Cop-
TOBOMY npokKaTi i3 GOopBMICHUX cTanen HeobxigHe
npoBefeHHs [O04aTKOBUX [OCHiMKeHb, WO AacTb
3Mory obrpyHToBaHO po3rnsgatv NUTaHHA LWOoAOo po-
3pobneHHs pexuMiB Bignany crani Ha 3epHUCTUN
nepniT 3 pi3HOO BUXIOHOK CTPYKTYPOLO.



a—Vox>250°Cl/c; 6 —Vox=100°C/c; B— Vox=50°C/c;

BucHOBKW. BMBYEHO KPUTWYHI TOYKM i BUSIBIEHO
0COBNMBOCTI BMAMBY LUBUOKOCTI OXONOOXKEHHSI He-
[edopMOBaHOro aycTeHiTy Ha 06'€MHY YacTKy CTpyK-
TYpHUX cknagosux 6GopemicHoi ctani 30M1P y wupo-
KOMy fianasoHi LBMAKOCTEN oxonomkeHHs. OTpuma-
HO SIKICHY | HaniBKiNbKICHY KapTUHY CTPYKTYpOyTBO-
peHHs ctani 30 1P. MNpoBeneHi JOCMiMKEHHA KPUTK-
YHMX TOYOK i KIHETMKM po3nagy aycTeHiTy 3a 6esne-
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Puc. 3. MikpocTpykTypa 3paskis agndepeHLianbsHo—TepmiyHoro aHanisy ctani 30N 1P, x500:

r-Vox=0,5...1°C/c; o, e—Vox<0,5°Clc;

PEPBHOIO OXOJIOMKEHHA MOXYTb OyTW BUKOPUCTaHI
Onst po3pobrieHHs pisHKMX pexumie TO 3 okpemMoro
HarpiBaHHs cTani. Y pesynbTaTi npoBegeHux [ochi-
DKeHb eKcrnepuMeHTanbHO nigTBepoKeHa MOXIu-
BiCTb PO3pPOOKM LUBMAKICHUX peXumiB cdepoigunsyto-
4oro Bignany HWU3bKOBYrNeueBuX cTanen 3 oTpuUmaH-
HAM PIBHOMIPHOIO po3noginy rnodyn UeMeHTUTy y
depuTHIn maTpu.
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Stepanenko D.O., Stovpchenko G.P., Togobitskaya D.M., Lisova L.O.
Evaluating the structural state of fluoride-oxide melts and their inter-

actions with steel to sensible selection of ESR slag

CmenaHenko /.0., CmoenueHko I'.Il., /lozco6uysvka /.M., Jlicoea J1.0.

OuiHKa CTPYKTYPHOIO CTAHY (PTOPUCTO-OKCHAHUX PO3ILIABIB Il

BHOOPY pPalliOHAJILHOT0 CKJIAAY NPH iX B3a€MOIIl 3i cTa/LII0
B nmpoueci EIII

Purpose. Evaluation of the structural state of slag melts in the CaF »-Al,O3-CaO system with varying contents of SiO; (1;
2.5; 4 wt.%) and MgO (3; 6; 12 wt.%), based on their viscosity and electrical conductivity data, for a sensible selection of
the optimal chemical composition that will ensure the efficiency of the electroslag process. Methodology. Correlation-
regression analysis of the relationships between the properties of electroslag remelting slags and their chemical compo-
sition and temperature; adaptive segmented linear regression examination of the graphical dependence of the loga-
rithms of viscosity (n) and electrical conductivity (x) on temperature (In(n,x) = f(1/T)); thermodynamic modelling of the
equilibrium composition of metal-slag-gas system phases using HSC Chemistry 9 software. Scientific novelty. A new
approach is employed to assess the temperature ranges of structural changes induced by alterations in the energy bar-
rier (activation energy) associated with the formation or dissociation of compounds and interactions between different
types of ions. The approach is based on the analysis of temperature dependences of structure-sensitive properties
(viscosity (n) and electrical conductivity (x)) using the adaptive segment regression method. Practical value. The de-
pendencies of the temperatures of the structural state changes (T, — derived from viscosity data, T, — derived from
electric conductivity) and the intervals between them (AT) on the chemical composition of the studies slags can be relia-
bly represented by the parameter p — stoichiometry index (the ratio of cations (Ca?*, Mg?*, Si**, AI**, etc.) to anions (O,
S?, F etc.)). The slag composition (wt.%) CaF,— 31, Al,O3 31, CaO- 31, SiO~4, MgO-3 provides suitably low values
of phase transition temperatures T, = 1454K, T, = 1153K and a wide range between them AT = 301 K that make it is
promising for energy effective ESR in short-collar mold with ingot withdrawing.

Key words: slag, melt, chemical composition, viscosity, electrical conductivity, temperature, structure, electroslag re-
melting.

Mema. OuyiHumu cmpykmypHuli cmaH wiiakosux poasmnasie cucmemu CaF»-Al,03-CaO 3 pisHum emicmom SiO; (1; 2,5;
4 mac%) i MgO (3; 6; 12 mac.%) 3a GaHumu ix 8'a3kocmi ma eniekmporposioHocmi Orisi 0brpyHmMoeaHo20 8ubopy paui-
OHarbHo20 XiMidHo20 cknady, wo 3abe3neyums egheKkmusHicmb Mpouecy ernekmpouwakogoeo nepennasy (ELLIM).
Memoduka. KopensyiliHo-peapeciliHull aHarni3 38’s3ky enacmugocmell Wiakosux po3riasie npouecy eekmpouliako-
8020 nepennasy 3 ix XiMiYHUM ckradoM ma memMrepamyporo; aHarni3 2paghidHoi 3anexxHocmi no2apuchmis &’ssskocmi (n)
i enekmponposidHocmi (x) 8id memnepamypu (In(n,x) = f(1/T)) 3 sukopucmaHHsIM Memody adanmueHoi ceaMeHmosaHoi
NiHItHOT peapecii; mepmMoOuHamidHe MOOerTto8aHHS PieHOBaXHO20 ¢ha308020 ckady 8 cucmemi Memarn-wrnak-2a3 3 eu-
KopucmaHHsiM rpoepamHozo 3abesneyeHHss HSC Chemistry 9. Haykoea Hoeu3Ha. BukopucmaHo Hosul nidxid 0o oui-
HKU memrepamypHUX iHmepaarie cmpyKmypHUX 3MiH, sIKi CIpUYUHEHI 3MiHO eHepeemu4Ho20 b6ap’epy (eHepeaii akmu-
saujii) ymeopeHHs1 abo Aucoujauii crionyk ma 83aemodii Mixx pi3HUMU murnamu ioHig, wo eidobpaxkaembcsi Ha memrnepa-
MYyPHUX 3aexHOCMSIX CMPYKMypHO-4ymaugux eracmusocmel (8’a3kocmi (1) ma enekmponpogiGHocmi (x)) posmnna-
gig. lMpakmuyHa 3Ha4yumMicmb. ObrpyHmMoeaHo pauyioHanbHuUl cknad wnaky ons ELUM 3 emicmom 8 HbOMY KOMIMOHEH-
mis (mac. %): CaF, - 31, Al,O3- 31, CaO- 31, SiO,- 4, MgO — 3, skuli 3abesnedye baxaHi HU3bKI 3Ha4eHHs1 memrnepa-
myp ¢hazosoeo nepexody T, = 1454K, T, = 1153K ma wupokuti iHmepsan mix Humu AT = 301 K. BcmaHogreHo 38'a30K
3anexHocmel 3HaqeHb T4, T, ma AT docnidxysaHux wiiakie 3 ix XiMiYHUM cknadom, npedcmasneHuM rnapamempom p —
MoKasHUK cmexioMempii cucmemu, wo AopieHIoe 8IOHOWEHHHO Kilbkocmi kamioHie (Ca?*, Mg?, Si*', AP" ma iH.) 0o aHi-
oHig (O, S%, F ma iH.) 3 koegpiyieHmom demepmiHauyii 0,78; 0,95 ma 0,86 8idrnogidHo.

Knro4yoei cnoea: wrnak, posnnas, enekmpouwnakosull repernas, 8’sa3Kicmb, ernekmporposioHicme, memriepamypa,
cmpyKkmypa.

Introduction. Research into the physicochemical
processes of electroslag remelting (ESR) and
various electroslag technologies, invented by
B. I. Medovar at the E. O. Paton Electric Welding
Institute of the NAS of Ukraine, has surged in recent
years due to growing consumer demands for higher-
quality ESR metal and the need to enhance
production efficiency. The key to the efficiency of
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the ESR technological process and the quality of the
ingot lies in a well-founded choice of slag
composition. A strong current flow generates heat in
the slag melt, which is essential for melting and re-
fining the consumable electrode metal from impuri-
ties like sulphur and non-metallic inclusions. In
addition, the slag forms a thin film (slag skin)
between a mould’s inner surface and an ingot,

© Stepanenko D.O. — Iron and steel institute of Z.I. Nekrasov
Stovpchenko G.P. — Tianjin Heavy Industry research and
Development Co, Ltd, Tianjin, China

Togobitskaya D.M. — Iron and steel institute of Z.l. Nekrasov
Lisova L.O. — E.O. Paton Electric Welding Institute

This is an Open Access article under the CC BY 4.0
license https://creativecommons.org/licenses/by/4.0/

57


https://creativecommons.org/licenses/by/4.0/

ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2023, Ne 4
Theory and Practice of Metallurgy, 2023, No. 4

ensuring its smooth and even surface. Several other
requirements for slags are formulated [1-3]
depending on the functions that must be ensured
when using them in ESR. Ensuring the fluidity of the
slag melts at operating temperatures is essential in
electroslag remelting processes. The slag must be
readily fusible, with its melting point below (from 100
to 500 degrees, according to various estimations)
the liquidus temperature of a remelted metal.
Usually, the melting of multicomponent slags (except
for the eutectic composition) occurs in a certain
temperature range caused by structural changes.
Two main methods for determining them are
thermodynamic calculation and experiment [4-6].

The first method involves determining the
equilibrium phase composition of the slag and how it
changes depending on temperature, pressure,
component concentration, and so on. The results'
accuracy depends on the incoming information's
reliability and completeness. In actual processes,
controlling thermodynamic parameters, such as the
partial pressure of gases and their chemical
composition, proves challenging, which diminishes
the accuracy of calculations and the determination of
their melting points. The experimental determination
of the melting point (Standard DIN 51730) involves
visually observing the alteration in the sample's
geometric size as it is heated. Temperatures are
recorded while visually detecting the shapes of the
sample as defined in the standard. The accuracy of
measurements is influenced by subjective factors
(such as an experimenter's experience) and
objective factors (visually different melting behavior
of slags with dissimilar chemical compositions).
Moreover, the geometric shape of slag samples
usually differs, thereby reducing the repeatability of
results due to variations in melting.

The purpose and objectives of the research. A
new approach was used to estimate the temperature
ranges characterizing structural changes in the slag
melt of the CaF2-Al203-Ca0-SiO2-MgO system. It is
based on the approximation of the dependencies
In(m, ) = f(1/T) [7], using the adaptive segmented
linear regression method and the modelling of linear
segments  (temperature ranges), where the
activation energies of viscosity (En) and electrical
conductivity (Ey) are independent of temperature.
The fulfilment of the condition E;, E, # f(T) serves
as evidence for the constancy of the melt structure;
alterations in their values across different
temperature ranges indicate a change in the
structure [8-11].

The temperature stability intervals of the melt
structure, as well as the temperatures at which
changes in structural state occur, were determined
based on the experimental data of viscosity and
electrical conductivity of CaF2-Al203-CaO slags with
varying contents of SiO2z (1; 2.5; 4 wt.%) and MgO
(3; 6; 12 wt. %) [12] to justify the rational composition
of the slag. The equilibrium content of the
components of the gas-slag-metal system (under the
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technological conditions of electroslag remelting of
Cr11MoV steel at PJSC Dniprospetsstal) was
calculated to support the informed selection of ESR
slag.

Research results. It is known that the
physicochemical properties of slag melt, particularly
viscosity and electrical conductivity, depend on the
chemical composition and temperature, reflecting
structural changes in a melt [13-17]. According to
contemporary concepts [13], viscosity is determined
by the content and type of polymer-forming anions,
specifically Si,0f~, AL,OF~, and electrical
conductivity more depend on the mobile cations
(Ca?*, Mg?*, O, F- etc.) concentrations. The basic
equations for the mathematical description of the
temperature dependence of viscosity (n) and
electrical conductivity (x) are expressions (1) and
(2), accordingly, proposed by J. Frenkel [18].

E

77=A-e%, (1)
E

)(=B-e_%, 2)

where: T —the absolute temperature (K); A and
B — constants; R — the universal gas constant
(8.314-J/(mol K)); E, and E, are the activation
energies of viscosity and electrical conductivity
(J/mol), accordingly.

Formulas (1) and (2) illustrate the exponential
dependence of the reaction rate constant on
temperature, as the fundamental Arrhenius equation
describes. According to these fundamental
principles, the logarithmic relationships of viscosity
(In(n)) and electrical conductivity (In(x)) concerning
temperature (1/T) are valid under the following
conditions:

A,B,E, E, * f(T). (3)

The viscosity of most slag melts deviates from
the Arrhenius equation, as its activation energy
changes inversely proportional with temperature
increasing [15, 19-21]. Such a change in activation
energy with temperature permits slag melts to be
classified as structurally heterogeneous liquids
exhibiting various types of chemical bonds between
ions. Similar to the viscosity of slag melts, the
deviation from condition (3) is similarly maintained
for the temperature (1/T) dependence of the
logarithm of electrical conductivity. Determining the
temperature ranges at which condition (3) for
In(n,x) = f(1/T) will be satisfied holds both
theoretical and practical significance for exploring
the composition-structure-properties relationship of
slag melts. To model the specified temperature
ranges for ESR slags of the CaF2-Al203-Ca0-SiO»-
MgO system (Table 1), the relevant values of
viscosity (Fig. 1) and electrical conductivity (Fig. 2)
were involved based on the experimental data of
[12].



Table 1 — Chemical composition of slags in calculation
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Slag Number Content of components, wt.%
CaF2 Al2O3 CaO MgO SiO2
1 31 31 31 3 4
2 31.5 31 32 3 2.5
1 32 32 32 3 1
4 31 31 31 6 1
5 29 29 29 12 1

The adaptive segmented

method [7] was applied for calculations of the linear

sections of the temperature d

f(/T), In(x) = f(1/T) based on the experimental

data on viscosity and electrical

linear regression and 2) of the investigated slags. The temperatures

of structural transitions T1 and T2 (Fig. 3, 4, and

ependences In(n) = Table 2) were calculated and plotted against the

conductivity (Figs. 1  in Figures 1 and 2, respectively.
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Figure 1 — Temperature dependence of slag viscosity (Table 1) [12]. Marks on the graphs are
temperatures of structural transitions T+ (Figs. 3, 4, and Table 2).

==q =5

14
e £/
o
g t? /
.
:';1,0 _,_.,‘3
Eact
};: 1373 A
S os -
=
-g — 1553

0.6 -
T " 1253
] 1153 |
Zos 7
m
: A
£ o2 s
g e 1333
w ]

0.0 —t—

1080 1180 1280 1380 1480 1580 1680
Temperature, K
=] =l=2 =fy=3 == =p=5

1780

original data for viscosity and electrical conductivity

Figure 2 — Temperature dependence of slag electrical conductivity (Table 1) [12]. Marks on the graphs
are temperatures of structural transitions T2 (Figs. 3, 4, and Table 2).

59



ISSN 1028-2335 (Print)
Teopisi i npakmuka memanypeii, 2023, Ne 4
Theory and Practice of Metallurgy, 2023, No. 4

¥

InfR}, Pa-s
o
(%)}

] ) i3 il

Figure 3 — Linear sections of temperature dependences of the logarithms of viscosity (In(n)) of slags

(numbering according to Table 1).
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Figure 4 — Linear sections of temperature dependences of the logarithms of electrical conductivity (In(x))

of slags (numbering according to Table 1).

From the calculation results (Fig. 3 and 4) it is
evident that n(n,y) = f(1/T) dependencies have
high-temperature and low-temperature linear
sections with particular values of temperature
intervals. The consistency of activation energies and
structure are characteristic of these linear sections.
The temperatures that are common to the high-
temperature and low-temperature sections for both
In(n) = f(1/T) (designation T+ in Fig. 3) and
In(y) = f(1/T) (designation T2 in Fig. 4) have
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theoretical and practical value. The corresponding
values of T4 and T2 and the difference between them
(AT) are presented in Table 2.

Figures 5 and 6 illustrate the graphical
relationships of the values of T4, T2, and AT for the
studied slags in relation to their chemical
composition, represented by the parameter p - an
indicator of the stoichiometry of a system, which
means the ratio of cations (Ca?*, Mg?*, Si**, Al%*,
etc.) to anions (O-, S%, F, etc.) [22].
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Table 2 — Temperatures T1 and T2 received by the adaptive segmented linear regression method from

dependencies In(n, y) = f(1/T)

Slag Number p T, K T2, K AT, K
1 0,688 1454 1153 301
2 0,694 1414 1253 161
3 0,697 1594 1373 221
4 0,706 1695 1553 142
5 0,725 1674 1333 341
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Figure 5 — Dependence of temperatures T1 and T2 on the slag stoichiometry index — p. The numbers on

the graphs correspond to the slags listed in Table 2.
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Figure 6 — Dependence of AT as the difference between T4 and T2 on the slag stoichiometry index - p.
The numbers on the graphs correspond to the slags listed in Table 2.

It is shown that slag #1 (Tables 1, 2) has the
lowest phase transition temperatures T4+ = 1454 K,
T2 = 1153 K and a wide range between them A,
T = 301 K, making it a good candidate for ESR in
view of the above-substantiated requirements
specified above.

Thermodynamic calculations. Using the HSC
Chemistry 9 software, the equilibrium compositions for
the thermodynamic gas-slag-metal system were
calculated during electroslag remelting of Cr11MoV
steel (Table 3) under slags (Table 1) in an inert gas
atmosphere (argon) and a temperature of 1873 K [12].

Table 3 — Chemical composition of steel Cr11MoV, which is accepted in calculations

Component C Si Mn

Cr Mo \ Cu Ni S

Content, wt.% 0,15 0,5 0,7

0,7 0,3 0,3 0,3 0,025
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It is accepted that the specific consumption of
slag is 44 kg per ton of metal (ingot 4300 kg in
weight). Thermodynamic calculations of the
equilibrium content of the components of the gas-
slag-metal system have shown that the content of

active components of the slag and metal phases is
subject to significant changes (Table 4). They are
redistributed between the phases (the initial values
(before interaction) and final (after it) ones are
shown in Figures 7-11).

Table 4 — Equilibrium content of the most active and variable components of the slag, gas, and metal

phases at 1873 K.

Slag Content of components, wt.%
Number Metal Gas Slag

Si Al CO Mn MnO FeO
1 0,494 0,019 0,28 0,06 0,04 0,01
2 0,500 0,012 0,37 0,07 0,06 0,01
3 0,503 0,009 0,46 0,04 0,07 0,02
4 0,494 0,019 0,27 0,05 0,04 0,01
5 0,495 0,018 0,27 0,05 0,05 0,01

The formation of MnO and FeO oxides in the
equilibrium composition indicates the slag's oxidising
effect on the metal. A sign of this is also the

32,5

oxidation of aluminium, which is accompanied by an
increase in the Al2z03 content in the slag (Fig. 7) and
is minimal for slags #1 and #4.

32

W AI203 (before)

W AI203 (after)

31,5
31
30,5
30
29,5
29
28,5
28
27,5

Equilibrium content Al; 05, wt%

1 2

content.

The most remarkable oxidation of aluminium is
associated with increased SiO2 content (slags #2
and #3). Increased MgO content within the studied
limits has almost no effect. A decrease in the CaO

3 4 5

Slag Number
Figure 7 — Comparison of initial (before interaction between slag and metal) and final (after it) Al2Os

content in the equilibrium composition occurs for all
slags, which may be associated with calcium sulfide
formation, promoting metal desulfurization (Fig. 8).
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Figure 8 — Change in the content of CaO and CaS in the slag phase.

The highest amount of CaS compound (1.57
wt.%) is shown for systems with slags #1, #4, and
#5, which indicates that the increase in magnesium
content from 3 to 12 wt.% does not affect the
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formation of sulfides. The desulfurization capacity of
the slag decreases with an increase in the silica
content from 1 to 4 wt.%.



Insignificant evaporation of magnesium and
decreased MgO content in the slag are also
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predicted (Fig. 9).
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Figure 9 — Change in MgO content in slag and Mg vapor content in the gas phase.

It should be noted that increasing the SiO:2
content to 4 wt.% with a constant MgO content
(3 wt.%) reduces its evaporation to the gas phase
(the lowest value is 0.04 wt.% for slag #3). The

33

formation of CaF2z vapors in the gas phase is also
predicted, which naturally decreases with the
lowering of its content in the slags (Fig. 10).
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Figure 10 - Change in CaF2 content and its evaporation.

The use of all slag compositions with 1 wt.% SiO2
demonstrated negligible oxidation of silicon from the
metal composition. With a slag content of 2.5 wt.%
SiO2, the silicon content in the metal and silicon
oxide in the slag remain nearly at the initial level
(Fig. 11). With a content of 4 wt.% SiOz, there is an
insignificant reduction of silicon in the metal
observed.

The equilibrium chromium content in steel has
remained almost unchanged, and the amount of
chromium oxide in the slag phase is insignificant.
The highest value of 3.4 to 3.7 x 10™° wt.% is
predicted for slag #3, while the minimum is for slags
#1 and #5 (4 to 8 x 10® wt% and 5 to
7 x 10 wt.%, respectively). Thermodynamic
calculations have demonstrated the fundamental
feasibility of using all the studied slags from the

CaF2-Al203-Ca0-Si02-MgO  system for
Cr11MoV steel while maintaining
composition within acceptable limits.

The results were validated by the pilot industrial
test at Dniprospetsstal [23] involving the electroslag
remelting of ingots (565565 mm, 4300 kg) made
from high-alloy steel Cr11MoV, which also
demonstrated full compliance with standard
requirements. In comparison to the slag ANF-6
(70 % CaF2, 30 % Al203) utilized at Dniprospetsstal,
there was a reduction in metal contamination with
oxide ribbon non-metallic inclusions by 0.5 points,
an increase in relative elongation by 12.5 %, and a
decrease in energy consumption by 17 % resulting
from the lower electrical conductivity of the proposed
slag.

remelting
the original
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Figure 11 — Change in SiOz2 content in the slag phase

By employing a new method to evaluate the
structure of slag melts, the composition of slag #1 is
marked as exhibiting low structural transition
temperatures (based on the viscosity and electrical
conductivity temperature curves) alongside a broad
interval between the phase transformation points.
This slag is promising for ESR with a short-collar
mold, where the long-term presence of liquid slag
with an unaltered structure is crucial for achieving a
smooth ingot surface. The researched slags of the
CaF2-Al203-Ca0-SiO2-MgO system are
recommended as a replacement for ANF-6 slag in
the electroslag remelting of high-alloy steels to
enhance energy efficiency and reduce costs, owing
to the twofold lower content of calcium fluoride.

Conclusions

A new approach for estimating the temperatures
of structural state changes in slag melts based on
approximating the adaptive segmented linear
regression of In(n,x) = f(1/T) dependencies and
modelling linear segments (temperature intervals) in
which the activation energies of viscosity (E;) and
electrical conductivity (Ex) are unrelated of
temperature was applied.

The temperatures of the structural state changes
(T1 and T2), along with the interval between them
(AT), were determined based on experimental data

on the viscosity and electrical conductivity of ESR
slags from the CaF2-CaO-Al20; system, which
contains SiOz2 (1; 2.5; 4 wt.%) and MgO (3; 6;
12 wt.%).

The relationships between structural changes
and the composition of the studied slags were
identified using the stoichiometry indicator p (the
ratio of cations (Ca?*, Mg?*, Si**, AI**, etc.) to anions
(0, S*, F7, etc)), which describes the
dependencies of T1, T2, and AT values on the
chemical composition of slags, with determination
coefficients of 0.78, 0.95, and 0.86, respectively.

The slag containing (wt.%) CaF2— 31, Al2O3— 31,
CaO- 31, SiO2—4, MgO-3 is promising to facilitate
the smooth ingot surface formation in short-collar
mold ESR, due to providing the suitably low values
of phase transition temperatures T+ = 1454 K,
T2 = 1183 K, and the wide range between them
AT =301 K.

Thermodynamic calculation shows that additions
of SiO:2 affect the properties of studied slags much
more than MgO. Increasing SiO2 from 1 to 4 wt.% in
the studied system results in metal component
oxidation, diminishes MgO evaporation from slags,
and reduces their desulphurization ability.
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