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MAKCUMATIbHASL 81IA20EMKOCb U 00OHACHIUWEHUE CNEYKOKCA, NOYYEHHO20 U3 CMeCU THERMODYNAMIC MODELING OF FLUX
yeneu JKanvin u Ilyb6apkons 6 coomnowenuu 1:1, docmuearomes 3a 9 munym u REFINING OF PRIMARY ALUMINUM IN A BUCKET
HANPAMYIO 3a8UCSIN OM NOPUCIIOCIU MAMePUad.
Knrouesvie cnosa: yenu, 6occmanosumens, CNeykokc, KOKC, NPOU3BOOCHEO This article provides a thermodynamic analysis of the process of processing
(eppocnnasos, crabocnexarowuecs yenu, Hecnekaouwuecs yenu, Kanvin. primary aluminum with boric acid in a ladle. HSC Chemistry 9.0 software from

Outotec Technologies was used for calculations. In the calculations, the temperature
range under study corresponded to the production conditions of Kazakhstan
Electrolysis Plant JSC within the range of 650-950 °C. The pressure range was taken
based on the technological conditions for flux processing of aluminum in a transfer
ladle with a working height of 2 m and was in the range of 101.33—-148.99 kPa. The
presence of the solid phase and low kinetics of the processes are characterized by
the lower limit of the specified temperature range. The upper temperature limit is the
closest to real operating conditions during electrolysis. The pressure at the metal
mirror is represented by the lower limit in the pressure range, the upper limit is the
pressure at the immersion depth of the flux equivalent to 2 m. The immersion depth of
the sample in the calculations varied in the range of 0.5-2 m.

The research was carried out within the framework of grant funding from the
Science Committee of the Ministry of Science and Higher Education of the Republic of
Kazakhstan under the «Zhas Galymy» competition under the project IRN AR19175493
«Development of technology for refining primary aluminum with filters with
an active surfacey.

Thermodynamic analysis in the studied range of temperatures and pressures
clearly indicates that vanadium boride phases are more stable compared to aluminum
borides, and, therefore, they will form preferentially in this temperature range. The
order of stability also suggests that vanadium can be easily removed from aluminum
melts by adding boron.

Keywords: aluminum, thermodynamic modeling, flux, boric acid, refining.

Introduction

In the production of anodes for electrolysis baths in the conditions of Kazakhstan
Electrolysis Plant JSC (KEZ JSC), coke produced by UPNK-PV LLP (Pavlodar) is
partially involved in the production. Locally produced coke contains a high degree of
vanadium and other impurities, which in turn limits its use at the enterprise.

A literature review showed that there are methods for refining primary aluminum
from vanadium impurities with boron compounds, which have not received widespread
industrial use [1-15].
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From works [13 — 15] it is known that the occurrence of chemical reactions in the
Al-V-B system is complex. VB, compounds are thermodynamically stable at operating
temperatures of the electrolysis and aluminum casting process of 950 — 650 °C. The
kinetics of chemical reactions with the formation of VB2 compounds during refining
with Al-B based alloys is characterized by a low rate due to the formation of an insoluble
ring of reaction products consisting of vanadium diboride (VB,).

Materials and methods

In this work, a thermodynamic analysis of the process of processing primary
aluminum with boric acid was carried out according to the method described in [16].
HSC Chemistry 9.0 software from Outotec Technologies was used for calculations.

When refining a molten raw aluminum with boric acid at a temperature in the range
0f650—950 °C and a pressure in the range of 101.33 kPa, boric acid (H,BO,) undergoes
a transformation into boron oxide (B,0,), which in turn interacts with the molten
aluminum and then with compounds vanadium according to the following formulas:

B,0, + 3Al — AIB, + ALO, (1)
AIB,+ ALV = VB, + 4Al )
AIB,+V = VB, + Al 3)

In the calculations, the temperature range under study corresponded to the production
conditions of KEZ JSC within the range of 650 — 950 °C. The pressure range was taken
based on the technological conditions for flux processing of aluminum in a transfer
ladle with a working height of 2 m in the range of 101.33—148.99 kPa. The presence
of a solid phase and low kinetics of processes are characterized by the lower limit of
the specified range. The upper limit is the closest to real operating conditions during
electrolysis. The pressure at the metal mirror is represented by the lower limit in the
range, the upper limit is the pressure at the immersion depth of the flux equivalent to 2
m. The immersion depth of the sample varies in accordance with the height of the ladle
and was in the range of 0.5-2 m. The temperature range was taken in accordance with
the operating conditions in the workshop: from 650 °C to 950 °C, corresponding to the
highest density of aluminum melt (2380 kg/m?) in the considered temperature range.

Results and discussion

The thermodynamic parameters were calculated for compounds AIB2 and VB2.
Table 1 and Figure 1 show the calculated values Cp, AG, AH, AS.
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Table 1 — Calculated values Cp, AG, AH, AS for compounds AlB, and VB,
Compound | Parameter Design temperature range, °C (at a pressure of 102.39 kPa)
650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 950 °C
AlB, Cp 75,764 77,363 78,938 80,494 82,033 83,560 85,075
AH 23,587 27,416 31,323 35,309 39,372 43,512 47,728
S 103,132 107,171 111,086 114,889 118,590 122,196 125,715
AG -71,619 76,877 -82,334 -87,984 -93,821 -99,841 -106,039
VB, Cp 79,019 80,232 81,361 82,409 83,381 84,277 85,524
AH -161,700 -157,719 -153,678 -149,584 -145,439 -141,247 -137,004
S 102,968 107,168 111,216 115,123 118,898 122,549 126,090
AG -256,755 -262,009 -267,469 -273,128 -278,979 -285,016 -291,232

At temperatures of 650 — 950 °C and atmospheric pressure, the change in Gibbs
energy for compounds VB, is -256.755 and — 291.232 kJ/mol, and AlB, is -71.619
and -106.039 kJ/mol, respectively. The change in enthalpy is a negative value for the
reactions of vanadium diboride; therefore, the formation of this compound is exothermic
in nature, while the formation of aluminum diboride, on the contrary, is endothermic
in nature due to positive enthalpy.

60 0
30 - -50
B Al T P
L1 T -100
40 =
-150
30
E -200 E
= 20 =
Z =250 5
| <]
10 =300
Temperature
0 =350

650°C  T00°C 750°C 800°C B850°C 900°C 950°C

AIB2(H) 23,587 27416 31,323 35309 39372 43512 47,728

=& = AIB2(G) -71.619 -76,877 -82,334 -87,984 -03.821 -99.841 -106,039
VB2 (G) -256,755 -262,009 -267469 -273,128 -278.979 -285,016 -291,232

VB2 (H) -161.7 -157.719 -153.678 -149.584 -145.439 -141.247 -137.004

Figure 1 — Dependence of the change in Gibbs energy
and change in enthalpy for VB2 and AIB2 on temperature

The work also included a calculation of the thermodynamic parameters of the
chemical reaction AlB, + V = VB, + Al. Table 2 and Figure 2 show the calculated
values AG, AH, AS, log k.
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Table 2 — Calculated values AG, AH, AS, log k for a chemical reaction
AlB, +V = VB, + Al

Chemic al|Parameter Design temperature range, °C (at a pressure of 102.39 kPa)
reaction 650 °C 700 °C 750°C | 800 °C 850 °C 900 °C 950 °C
AlB, + V = VB, | AH -163,214 |-173,692 |-173,476 |-173,302 -173,176 -173,102 -173,076
+Al S 22,900 11,668 11,885 12,051 12,166 12,232 12,253
AG -184,354 |-185,047 |-185,637 |-186,235 -186,841 -187,451 -188,063
log k 10,432 9,933 9,478 9,066 8,690 8,347 8,032
-156 Temperature -182
-158
-183
-160
=162 -184
S
-164 ™ -
- -185
-166 ~ o
=] - =
g -168 S - -186 g
= - o
o -170 S - -187 o
<] S <
-172 -~
= o
_ < -188
=174
-176 -189

650°C 700°C 750°C 80DO°C 850°C 900°C 950°C
= == AG -184.354 -185047 -185,637 -186,235 -186.841 -187.451 -188.063
s AH -163.214 -173,692 -173,476 -173,302 -173.176 -173.102 -173,076

Figure 2 — Graph of changes in Gibbs energies and enthalpy for a chemical
reaction AlB, + V = VB, + Al depending on temperature

Analysis of thermodynamic parameters confirms that at atmospheric pressure and
temperatures from 650 to 950 °C the reaction AlB, + V = VB, + Al proceeds with
the formation of vanadium diboride (VB2) the change in Gibbs energy is — 184.354
and — 188.676 kJ/mol, respectively. An increase in the Gibbs energy with increasing
temperature indicates an increase in the stable nature of the occurrence of chemical
reactions. The change in enthalpy as a whole is a negative value; therefore, the formation
of these compounds is exothermic in nature. It can be concluded that the chemical
reaction is thermodynamically favorable.

Further in the work, a thermodynamic analysis was carried out for the conditions
of immersion of the flux into the melt to a depth of 0.5 m, 1 m, 1.5 m, 2 m.

Table 3 and Figure 3 show the calculated values of the Gibbs energy for compounds
VB, and AIB,.
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Table 3 — AG for compounds AIB, and VB, at a depth of 0.5 m, I m, 1.5 m, 2 m.

Compound | Depth of flux Design temperature range, °C
immersion into | 650 °C 700°C  |750°C  |800°C 850 °C 900 °C 950 °C
the melt, m

AlB, 0,5 -197,56  |-202,81 |-20827 |-213,92 [-219,76 225,78 231,98
1,0 443773 |-448,99 |-45442 |-45914 | -46545 472,77 -479,51
1,5 688,84  |-694,05 |-700,67 |-70641 |-714,63 720,70 727,58
2,0 936,06 |-941,27 |-947,71 |-953,11  |-960,61 966,71 973,54

VB, 0,5 307,17 |-31242 |-317,88  |-323,54  [-32939 335,43 -341,64
1,0 689,91 |-694,82 |-700,28 |-706,13 |-713,28 719,41 726,74
1,5 -1070,94 |-1076,01 |-1083,34 |-1091,45 |-1100,63 -1107,26 -1118,38
2,0 -1455,38 | -1461,57 |-1468,48 |-147558 |-1485,12 -1491,89 -1511,17

At a temperature of 650 °C and pressures of 102.39 kPa (at the surface of the melt)
and 148.99 kPa (when introducing flux to a depth of 2 m), the change in the Gibbs
energy for the formation of compound VB, is -256.755 and -1455.3 kJ/mol, respectively.
For the AIB, compound under such conditions, the change in Gibbs energy is -71.619
and -936.06 kJ/mol. for the initial temperature, and -291.232 and -1511.17 kJ/mol for
a temperature of 950 °C, respectively, for VB,. For AIB,, the change in Gibbs energy
1s -106.039 and -973.54 kJ/mol.

R

) w‘,,

e,

AG, kl'mel
8
/

800 'tq-h“
S
.‘H.\;.
- 1000

i 0 0.5 1 15 2
""" 650°C -71,619 -197 56 =43 73 2B B4 035 06
—T00°C 76,877 202,81 448,90 69405 84127
750°C & 334 0827 454,42 20067 84771
B0 =C -87.084 -M302 -450 14 -6 41 05111
—_ 50T =03, 801 -219.74 545 -T14.63 050 61
o0 *C -0 841 -X5 78 47297 -120.7 066,71
—50 °C -106,039 11,08 470,51 72758 L7354

Figure 3 — Dependence of the change in Gibbs energy for VB, and AlB, on
temperature and immersion of boron-based flux into the
aluminum melt at different temperatures

Further in the work, similar thermodynamic calculations were carried out to
change the isobaric-isothermal potential of the system for a chemical reaction
AlB,+V =VB,+ AL
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Table 4 and Figure 4 show the calculated Gibbs energy values for the chemical reaction
AlIB2 +V =VB, + Al

Table 4 —AG for the chemical reaction AIB, + V = VB, + Al at a depth of 0.5 m,
Im, 1.5m,2m.

Compound | Depth of flux im- Design temperature range, °C
mersion into the | 650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 950 °C
melt, m
AIB2+V=|0 -184,354 | -185,047 |-185.637 |-186,235 |-186,841 |-187.451 |-188,063
VB, +Al |05 276,08 278,13 | -279,25 279,90 280,55 | -281,12 282,55
1,0 511,98 515,85 |-520,12  |-526,85 -53335 | -540,22 54523
1,5 794,788 |-799,556 | -810,453 |-830,612 |-850,463 |-856,123 |-860,462
2,0 -1080,034 |-1100,236 |-1122,123 |-1135,185 |-1145,252 |-1148,22 |-1173,54
= -2 I}H
£ 400
= % ~—
Lln-."' -
= -1200
-1400 - -
0 0.3 1 1.3 2
. 5 5100 -184,354 276,08 -511.98 794,788 -1080.034
. [ (M) 183,047 278,13 -513,83 199356 1100236
730 183,637 27925 -520.12 -810.453 1122123
300 -186,233 2789 -326.83 -330.612 1135183
s 8 510} -186.841 -280.35 -533.35 -830.463 1145232
. O () -187. 431 281,12 -540,22 -836,123 114822
s 1 51} -188.063 -282.35 -543.23 -360.462 117354

Immersion depth

Figure 4 — Dependence of the change in the Gibbs energy for the chemical
reaction AIB, + V= VB, + Al on the temperature and depth of immersion of a
sample of boron-based flux into the aluminum melt at different temperatures

At a temperature of 650 °C (Figures 4 and 5) for pressures of 102.39 kPa (at the
melt surface) and 148.99 kPa (at a flux immersion depth of 2 m), the change in Gibbs
energy for the chemical reaction AIB, + V= VB, + Al is -184.354 and - 1080.034 kJ/
mol, respectively. For a temperature of 950 °C these values are -188.063 and -1173.54
kJ/mol.

This important observation shows that as pressure increases at constant temperature,
the magnitude of the difference in changes in isobaric-isothermal potential decreases,
especially noticeably at elevated temperatures. On the other hand, as the temperature
decreases at constant pressure, the value of the difference in Gibbs energy changes also
decreases, and this trend is more noticeable as the pressure in the system increases.

At a temperature of 650 °C (Figures 4 and 5) for the reaction AIB, +V = VB, + Al,
the difference in changes in the Gibbs energy when the pressure in the system increases
from 102.39 kPa to 114.04 kPa is - 91.726 kJ/mol, from 114.04 kPa to 125.69 kPa
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-235.9 kJ/mol, from 125.69 kPa to 137.29 kPa -282.808 kJ/mol, and from 137.29 kPa
to 148.99 kPa -285.246 kJ/mol. At 950 °C these Gibbs energy changes are -94.487 kJ/
mol, -262.68 kJ/mol, -315.232 kJ/mol and -313.078 kJ/mol respectively.

T r L L L L L L L L L Y E P i e I I T I ' ™™

AG, El'mol
=
8

650°C T00°C  750°C 800°C 850°C 900 °C 950°C
""" 0 -184.354 -185.047 -185637 -186235 -186841 -187451 -188.063
===05 -27608 -27813 -279.25 -279.9 -280,55  -281.12  -2812.55
1 -51198 -51585 -520.12  -526.85 -53335 -540.22  -545123
1.5 -T94.788 -799.556 -810.453 -B30.612 -850463 -856.123 -860.462
= 2 -1080,034 -1100.236 -1122.123 -1135.185 -1145.252 -1148.22 -1173.54

Figure 5 — Graph of the difference in changes AG for the chemical reaction AIB,
+V = VB, + Al on temperature with a fixed increase in the depth of immersion of a
sample of boron-based flux into the aluminum melt with

a change in the depth of immersion.

1000
1200
-1400 0 0.3 1 1.5 2

m——[lpu G530 C -184.334 -276,08 -311,98 -7104.788 -1080.034
= « «[Tpm 950 C  -188,063 -282.53 -3435.23 -360.462 -1173.34

AG, klimaol

Immersion depth m

Figure 6 — Graph of the difference in changes AG for the chemical reaction AIB,
+V =VB, + Al on the depth of immersion of a sample of boron-based flux into the
aluminum melt as the temperature changes

This observation emphasizes that chemical reactions between primary aluminum
and impurities, including vanadium with boron with the formation of intermetallic
compounds, can proceed in a certain direction in the considered range of temperatures
and pressures (Figure 6).
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Figure 7 — Dependence of the difference in changes in the isobaric-isothermal
potential of the reaction on the immersion depth of the sample

As can be seen from Figures 1 — 7, in the temperature range from 650 to 950 °C
and pressures from 102.34 kPa to 149.88 kPa, vanadium boride phases are more stable
compared to aluminum borides, and, therefore, they will be formed predominantly in
this temperature range. The order of stability also suggests that vanadium can be easily
removed from aluminum melts by adding boron.

Conclusions

Thermodynamic analysis in HSC Chemistry 9.0. in the Al-V-B system in the studied
range of temperatures and pressures showed that the values of the Gibbs energy (AG)
over the entire range of operating temperatures of the process of electrolysis and casting
of primary aluminum for VB2 are significantly lower than AIB2, therefore, they will
be formed predominantly in this temperature range. The order of stability also suggests
that vanadium can be easily removed from aluminum melts by adding boron.
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IIEJEKTEI'T BACTAIIKBI ATIOMUHUIII AFBIHMEH
TA3APTY bl TEPMOJUHAMUKAJIBIK MOJEJBAEY

byn maxanada wenexmeei 60p KblUKbLILIMEH OACMANKbL AIOMUHULOLI 6HOeY
npoyecine mMepMOOUHAMUKANLIK, manoay ocacanovl. Ecenmey ywin Qutotec
Technologies rkomnanuscoinoty HSC  Chemistry 9.0 6az0apramanvi Kypaivl
natdanranvinovl. Ecenmeynepoe sepmmenemin memnepamypa ouanasonvt 650-950
'C weeinode «Kazakcmanowix snexmponus zaysimoly AK endipicmix wapmmapvina
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OUANA30HBIHBIY MOMEH2T We2iMeH CUnammanaosl. D1eKmpoau3oezi HaKmol Heymvic
AHCa20aUNAPBIHA el JHCAKBIH meMnepamypa uieei kopcemineoi. Memann atinacvinoazol
KbICbIM KbICHIM OUANA30HbIHOA2bl MOMEH2T uieK 00nbln Kopinedi, dcoaapeavl dHcazbl
2 M 2K8UBALEHMMI A2bIHHBIK Oamblpy mepenoiciHoe2i KblCbiM O0abln MAabbLIAObL.
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AP19175493 «bencendi bemi bap cyseinepmen 6ACmankvl amOMUHULOL mazapmy
MEXHONOUSCHIH  93IPAeY»AHCO0AChl  OOUbIHUA — SPAHMMBIK — KAPAHCLIAHOBIDY
wenbepinoe Hcypeisinoi.
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C XJIOPU4OM KAJIbUUA

'TopaiireipoB yHuBepcuret, Pecryonuka Kasaxcran, r. [TaBnogap
2CMOJICHCKOE perHoHaIbHOE OTIeIeHne Poccuiickoi
acconuanuu Juternmkos, Poccuiickas ®eaepanus, r. CadhoHOBO
[Toctynuio B pegakuuio 12.05.2024.

[Hoctynuno ¢ ucnpasienusimu 13.05.2024.

Hpu@edeHbl pesyibmamoul Jza6opam0pﬂb1x ONbIMbBL NO UCCICO0BAHUIO GNUSHUS
memnepamypbl, pacxoda soccmarnosumeiad u npodoﬂofcumeﬂbﬂocmu npoyecca Ha
pacnpedeﬂeime YUHKA U ceurya Meofcdy npodykmafwu eblCcoKomemnepamypHoco
CneKkaHus KIUHKepa COBMeCmHO C XJZOPMaOM Kajlbvyus-l. yCWlClHO@JZEHO, umo npu

TEPMOJANHAMMNYECKOE MOJAEJIMPOBAHUE ®JIIOCOBOI'O
PAOUHUPOBAHUSA HIEPBUYHOI'O AJIIOMUHMUSA B KOBIIIE

B oannou cmamve nposeden mepmoounamuieckuli anaius npoyecca oopabomxu
NEePEUUHO20 amOMUNUsL OOPHOU KUCTOMOU 6 Kogule. [llisl pacuemos ucnoib308a10Ch
npoepammuoe ovecneyenue HSC Chemistry 9.0 xomnanuu Outotec Technologies.
B pacuemax uccaedyemvii  memmepamypmuviii  OUANA30H  COOMBEMCMBOBAL
npouzeoocmeentvim ycnosuim AO «Kazaxcmanckuil 21eKmponu3Hblil 3a600» 6
npedenax 650—950°C. JJuanazon dasrenuil nPUHUMALCA UCXOOS U3 NEXHOJI02ULECKUX
VCA08ULL (0 COB80U 0OPADOOMKU ANIOMUHUSL 8 PAZOAMOUHOM KOSULE C PADOHell 8blCOMOLL
2 m u Haxoouncs 6 npedenax 101,33—148,99 klla. Hanuuue meepooii pazvl u HuzKas
KUHeMUKAa npoyeccos Xapaxkmepu3zyemcs HUNCHUM NPedesiom YKa3aHHo20 OUana3ond
memnepamyp. Haubonee npubiudicennvim K pearbHubIM padodum YCI08UsM npu
INEKMPOaU3e OeMOHCMPUpPYem 6epXuull npeden memnepamyp. /lasnenue y 3eprana
Memania npeoCcmasinencs HUNCHUM Npeodeiom 6 OUandzone OaGIeHUll, 8epXHUM
npeocmasneno O0asieHue Ha 2nyOuHe NozpyiceHus Gaioca KEUBATEHMHO20 2 M.
Inybuna noepysicenus Hagecku 8 paciemax 8apbuposanacs ¢ ouanazoue 0,5 — 2 m.

Hccenedosanus npogoounics 8 pamrax 2panmogozo Qunancuposanus Komumema
Hayku Munucmepcmea nayku u evicuieco oopazosanus Pecnyonuxu Kazaxcman no
xkoukypcy «Kac Ianvimy no npoexmy UPH AP19175493 «Paspabomka mexuonocuu
PauHuposanus nepeUtHO20 ATIOMUHUS PUILIMPAMU C AKMUBHOU NOBEPXHOCTNBIO.

Tepmoounamuueckutl anaiu3 6 UCCIe008AHHOM OUANA30He memMnepamyp u
OasaeHull 0OHO3HAYHO CBUOEMENbCMBYen 0 MOM, 4mo ¢azvl bopuda sanadus boiee
CMAadUIbHBL RO CPABHEHUIO ¢ OOPUOAMU ATNIOMUHUL, U, Ce008AMENbHO, OHU OYOym
00paA306b16AMBCS  NPEUMYUWECTNBEHHO 8 OAHHOM MeMNepamypHoM Ouanasome.
Topsdok cmabursrocmu makaice npeonoaazaenm, 4mo aHAOUll Modjicem Oblmb 1e2Ko
Voanen u3 pacniagos anioMuHus nymem 00oagietus bopa.

Kniouesvie crosa: amomunuil, mepmoouHamudeckoe Mooeiupoganue, @aioc,
OopHas Kucioma, pagpuHuposanue.
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Hpunsto B meyats 11.06.2024. memnepamypax eviuse 700 °C codepoicanue yunka 6 KiuHKepe pe3ko CHUNCAeMCHL.

Munumansroe codepocanue yunxa gxrunxepe 0,85 % oocmuenymo npumemnepamype
900 °C. Ilosviuenue memnepamypor 0o 1000 °C auwib He3HAUUMENbHO CHUMCAEm
cooepoicanue yunxa @ kaunxepe (00 0,77 %).

Ilosvuuenue pacxooa CaCl, ¢ 1,0 do 1,3 pasa npesviuuaiowezo e2o pacxoo
om CHK, ysenuuusaem cooepoicanue yunka 6 @os2onax c¢ 36,23 % oo 40,85 %.
Hanvretwuti pocm pacxooa CaCl, na codepocanue yunka 6 60320HAX 6lUAEM
HEe3HAUUMENbHO.

Yemanosnenvr onmumanvnvie napamempsi 6b1COKOMEMNEPAMYPHO20 CHEKAHUS
Knunkepa coemecmno ¢ xaopuoom karvyus: T=900 °C, t=60 murnym, pacxoo CaCl,
6 1,3 pasa npesvuuaowuii eco pacxoo om CHK. [lonyuenvt yunxogvle 60320MHbl
svicokoeo kawecmsa, % macc.: 40,87 Zn; 0,16 Pb; npouue. Hzeneuenue yunxa 6
60320Hbl — 99,3 %. Hanuuue MUHUMATLHO2O COOEPIHCAHUS COUHYA 6 B032OHAX HA UX
KaYecmso CywecmeenHo2o GIUsHIUsL He OKaAdcen.

Tonyuennvie pe3ynrvmamuvl COCMAGIAION OCHO8Y 3AKTIOUUMENbHOU CMaouu
Xa0opupyrowell MmexHoI02ul nepepadomki  ceuneycooepcauell YUHKOGOU nuliu
uepHoll MEeMaNIypeul U UCHOIb308AHbL NPU NOCMPOECHUU 00Well MexXHOI0cUl 075
CeNeKMUBHO20 U3BNEUEHUs YUHKA U CEUHYA 8 MOBAPHbIE NPOOYKMbL.

Kniouesvie cnosa: nvinw, Kiunkep, X10puo Kaivyus, YUHK, ceuHey, usgiedeHue,
memnepamypa.

Beenenne

Ha npennpuaTtusx 4epHOW METAJUIypTUU IPU IMPOU3BOACTBE OJHOM TOHHBI
BBIIUIABJISIEMON CTaJIM B CpeIHEM 00pa3yroTcs okoyio 25-30 Kr mplUid, KOTOpPbIE
XapaKTePU3YIOTCS CIIOKHBIM XUMHUYECKUM U (pa30BbIM cocTaBoM. Ocoboe BHUMaHUE
IIPUBJIEKAET BHICOKOE COJIEP’)KAaHNE B HUX CBUHIA. [10 1aHHBIM Hay4YHOH JINTEPATYPBI,
COJIep’)KaHHE CBUHIIA B IIBUIM MOKET BapbUPOBATHCS B IIMPOKUX IPEAETIaX U MOXKET
noxoauth 10 6 % [1, 2]. B 310l cBSI3M M3bICKAaHUWE HOBBIX MOJXOJIOB M PEIICHUH,
obecneunBaromux 3QGEeKTUBHYI0 KOMIUIEKCHYIO MepepadbOoTKy MbIIU C BBICOKHUM
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HOMeEpa XypHasa. B mpoTHBHOM ciyuyae aBTOp JIOJKEH 3a CBOM CUET MCIIPAaBUTH BCE
KPUTHYECKHE 3aMEUaHUs.

HanpaBiisist cTaThlo B )KypHal, aBTOP OCO3HAET YKa3aHHYIO CTENIEHb IIEPCOHAIBLHON
OTBETCTBEHHOCTH, YTO OTPA)KAETCS B MUCbMEHHOM OOpAIEHUU B PEIAKLHOHHYIO
kosuteruto JKypHana.
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Tepyre 07.06.24 x. xibepinmi. bacyra 28.06.24 x. KO KOUBLIIBIL.
DeKTpOHBIK Oacra
5,07 Mb RAM
[HaprTe! 6acna Tabarel 1,09 Tapansiver 300 nana. barace! keniciM OoibIHIIA.
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