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Abstract. The presence of nonferrous metals, particularly copper, in the chalcopyrite-magnetite ore of the Irisu deposit
precludes its use in metallurgical production. This requires preliminary metal extraction. This article presents the results of a
study on the extraction of nonferrous metals from Irisu ore by chloride sublimation roasting. The study was conducted using
computer thermodynamic modeling and the HSC-10 software package, which is based on the minimum Gibbs free energy
principle. Calcium chloride was used as the chlorinating agent. The effects of temperature and pressure on the chloride subli-
mation of nonferrous metals and the behavior of iron and sulfur during this process were determined. It was established that the
interaction of Irisu ore with calcium chloride is accompanied by the formation of gaseous chlorides: AgCly), CoClyg),
CuzClyg), CusCla(g), CusClag), CuClg, FeClyg), PbClg), PbClyg), ZnClyg. A decrease in pressure from 0.1 to 0.001 bar reduces
the temperature of complete chloride sublimation of copper to 683°C, zinc — 597°C, lead — 593°C, silver and cobalt to 700°C.
The degree of chloride sublimation of iron at 700°C is only 0.24%. In the cinder, it is present to a greater extent in the form of
Fes0, and to a lesser extent in the form of Fe,O3 and FeO. Under these conditions, sulfur is almost completely (99.99%) con-
verted into SO,. Chloride sublimates formed at 700°C and 0.001 bar contain 33.94% copper, 11.57% lead, 5.98% zinc, 2.88%
cobalt, 0.2673% silver and 5.49% iron. In this polymetallic concentrate, compared to the ore, the content of copper, zinc and
silver increased by 44.6 times, lead — by 44.5 times, cobalt — by 45.3 times.
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1. Introduction

Iron-bearing ores, including those in Kazakhstan, where
estimated iron ore reserves are 12.5-16.6 billion tons [1-3],
often contain nonferrous metals [4-5]. Therefore, not all ores
are suitable for direct metallurgical processing. The Irisu
chalcopyrite-magnetite deposit, with reserves of 327.1 million
tons, is located in Tyulkubas district of Turkestan region. The
deposit’s ore field consists of Middle Paleozoic carbonate
rocks intruded by alkaline gabbroic intrusions.

The main minerals are magnetite, pyrite, chalcopyrite,
pyrrhotite, cobaltite, sphalerite, and galena. The ore contains
30-60% iron, 0.32-0.93% copper, 0.24% lead, 0.09% zinc,
and 0.04% cobalt [6-8]. The ore also contains selenium,
tellurium, thallium, and 0.56-6.5 g/t silver. In addition to
150 million tons of iron, the ore also contains 2 million tons
of copper, which is a valuable resource for ferrous and non-
ferrous metallurgy. The ore from the Susingen deposit, with
reserves of 25 million tons, also falls into this category [9].
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Processing iron-bearing ores containing nonferrous met-
als involves a combination of physical and chemical technol-
ogies, such as magnetic separation, flotation, and leaching,
including bioleaching. A common drawback of these meth-
ods is the multi-stage nature and insufficient recovery of
nonferrous metals and often iron as well. Thus, during the
processing of sulfide-magnetite ore (35.7% Fe, 0.64% Cu,
1.2 g/t Au), which successively uses X-ray radiometric sepa-
ration, wet magnetic separation and flotation, 93.6% of cop-
per is extracted into copper concentrate (23.7% Cu, 18.9 g/t
Au and 60 g/t Ag), only 76.6% of iron is extracted into mag-
netite concentrate (66.5% Fe), and only 27% of gold is ex-
tracted into gold-bearing concentrate (50 g/t).

During the flotation of copper-magnetite ore (0.3-0.5%
Cu) by flotation into copper concentrate (18.5% Cu) only
77.8% of copper was extracted [10]. From the wet magnetic
separation tailings of ferrous ores containing 0.29% sulfide
copper, no more than 80% of copper was extracted into con-
centrate (25.3% Cu) by flotation [11], and from similar ore of
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another Cheremshansky tailings dump only 65.3% of copper
was extracted into concentrate [11]. Preliminary (before
magnetic separation) magnetic pulse treatment of ore con-
taining 0.14% sulfide copper allowed to increase the copper
extraction into sulfide product from 54 to 65% [12]. Using
multi-stage wet magnetic separation and flotation of its tail-
ings from iron ore containing copper into magnetic concen-
trate (65-66% Fe), 79-80% of Fe was extracted, and from
tailings into copper concentrate (15.2% Cu) — only 54% of
copper [13]. Magnetic separation of the Irisu deposit ore and
flotation of its tailings yielded 87-90% iron recovery into
magnetic concentrate (69-75% Fe), 75-84% copper recovery
into copper concentrate (18.64% Cu), and 67.2-77.3% cobalt
recovery into cobalt-pyrite concentrate.

Research [14] presents the results of studies of Fe-Cu-
containing ore (1.79% Cu) using a magnetic separation and
copper leaching scheme from separation tailings. This meth-
od allows for the recovery of only 72% copper.

Gravity enrichment of ore containing 16.5% Fe, 0.13%
Cu, and rare earth elements resulted in the conversion of
76.6% iron and 72.6% copper into the heavy fraction, and
77.9% rare earth elements into the light fraction. A combina-
tion of magnetic separation and bioleaching of magnetite
concentrate yielded 80% of copper and 20% of zinc [15].

The above data demonstrates that existing multi-stage
methods do not provide a high level of separation of iron
from nonferrous metals in copper-magnetite ores. Currently,
they do not meet modern requirements for the integrated use
of raw materials. The problem of integrated processing of
copper-magnetite ores can be successfully solved by devel-
oping a technology that allows for the complete separation of
iron from nonferrous metals in a single process step, fol-
lowed by the production of marketable products from mag-
netite concentrate. Chloride sublimation is an effective meth-
od for the selective extraction of nonferrous metals from
iron-containing raw materials. The main advantage of this
method is the ability to virtually completely suppress iron
chlorination, leaving it in the cinder and extracting the non-
ferrous metals into chloride sublimes. Based on this, chlo-
ride-electrothermal technology may be an effective method
for processing Irisu iron-bearing ore. This involves chloride-
sublimation roasting in the first stage, with the extraction of
copper and other nonferrous metals into a polymetallic con-
centrate — chloride sublimes and iron-containing magnetite
concentrate — from which a ferroalloy is produced in the
second stage by electric smelting. The authors of this article
have previously conducted studies on the chloride-
sublimation of nonferrous metals from various polymetallic
natural and technogenic raw materials, with virtually com-
plete iron retention in the cinder [16, 17]. This article pre-
sents the results of studies on the equilibrium chloride subli-
mation of nonferrous metals from chalcopyrite-magnetite ore
at the Irisu deposit in the presence of calcium chloride.

2. Materials and methods

The study was conducted using thermodynamic modeling
with the HSC-10 software package [18], based on the mini-
mum Gibbs free energy principle, to determine the equilibri-
um distribution of nonferrous metals and iron (o, %) in the
Irisu ore (I0) — CaCl, — O, system. The temperature range
for the studies was 300-1700°C, and the pressure range was
0.1-0.001 bar. The ore used in the study was from the Irisu
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deposit, containing (wt%): 69.4 Fe30., 10.0 SiO, 6 CaCOs,
5.8 MgCOs, 3.3 Al;O3, 2.2 CuFeS,, 0.3 PbS, 0.2 ZnS, 0.1
CoS, 0.002 Ag. To improve the efficiency of the research
and obtain maximum information from the processes under
study, the method of second-order rotatable research design
(Box-Hunter plans) was also used in the work, with the re-
sulting regression equations [19] being used to construct
volumetric and planar images of the optimization parameters
[20, 21]. The temperature and pressure ensuring maximum
chloride sublimation of nonferrous metals and minimum
chloride sublimation of iron were determined from the image
of the overlapping planar images.

3. Results and discussion

The primary material obtained using the HSC-10 complex
allowed to establish that in the system under consideration, at
a pressure of 0.1 bar, the reaction occurs with the formation of
Ad), AGCI, AgCl(g), Al,SiOs, CaClyg), CaSiOs, CaSOs, Cl(g),
CO(y), COyq, CoCly, CoClyg, Cug), CusClyg, CusClsg,
CusClyg), CuCl, CuClg), CuClyg, FexOs, FeCly, FeClyg),
FeClsg, FeO, FeS, FeSiO;, MgO, MgSiOs, Ozg), Pb),
PbClg), PbCly, PbClyg), SOz, Zn(g), ZnClg), ZnCly, ZnCly(g,).

Figure 1 shows the effect of temperature on the degree of
metal distribution in the Rl — CaCl, — O, system at 0.1 bar. It
is evident that the formation of the target gaseous chlorides:
CusClag), CusCls(g, CuzClyg and CuClg ccurs, respectively,
in the following temperature ranges: 400-1300°C, 400-
1400°C, 900-1500°C, and >800°C.
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Figure 1. Effect of temperature on the degree of distribution
Cu (1), Fe (11), Zn (111), Ag (1V), Co (V), Pb (VI)
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Iron is practically not chlorinated in the system, accounting
for only 0.23-0.33% at 800-1700°C. Predominantly (59.6-
75.3%), iron remains in the form of FezOs in the temperature
range of 300-1700°C. To a lesser extent, iron is converted
into Fe,O3 (38-15%), and only 0.32-8.2% into FeO.

The target zinc-containing product, gaseous ZnCly), be-
gins to appear in the system at 400°C. The maximum of this
process (99.5-99.9%) occurs at 800-1200°C. Then, as the
temperature increases to 1700°C, the decomposition of
ZnClyq begins, forming gaseous ZnClg and Zn(g).

Complete chlorination of silver to form AgCl occurs at
300°C. The maximum conversion of silver to gas (99.7%) in
the form of AgCl occurs at 900°C. Then, as the temperature
increases to 1700°C, the decomposition of AgCl( occurs,
forming Ag(g and chlorine (36.2% of gaseous silver is formed
at 1700°C). The chlorination of CoS to form CoCl, begins at
400°C, and gaseous CoCl;, begins at 800°C. In the temperature
range of 900-1700°C, all cobalt is present as CoClz().

Chlorination of PbS is virtually complete at 300°C, forming
PbClI,, which persists up to 800°C. Formation of gaseous PbCl;
occurs in the range of 400-1700°C, with a maximum (98.4%)
at 800°C. At temperatures above 800°C, gaseous PbCl; forms:
PbCl, = PbCl + 0.5Cl,. In the temperature range of 1300-
1700°C, some elemental lead is in the gaseous state.

Table 1 shows the effect of temperature on the degree of
conversion of metals (as the sum of chlorides and elements)
into gas (hereinafter owme(gas)) at a pressure of 0.1 bar.

Table 1. Effect of temperature on the degree of distribution of
elements in gas

Temperature, °C

Element 505 400 500 600 = 700 800 900 1000 1500 1700
Ag - - - 00l 033 6052 100 100 100 100
Co - —  — 005 206 99.60 100 100 100 100
Cu - 007181 1322 51.68 99.46 100 100 100 100
Fe - - - - 003 023 024 024 025 033
Pb | — 005241 2829 8477 99.94 100 100 100 100
Zn  — 005207 2921 8670 99.99 100 100 100 100

Table 1 shows that at 0.1 bar and 900°C, Zn, Cu, Pb, Co,
and Ag completely transform into gas. Almost all the iron
remains in the cinder. Only 0.24% of the iron transforms into
gaseous FeCls. Figure 2 shows the effect of temperature and
pressure on the degree of metal conversion to the gas phase. It
is evident that decreasing the pressure from 0.1 to 0.001 bar
lowers the temperature for complete gasification of zinc and
lead to 600°C, and for Cu, Co, and Ag to 700°C. At 700°C, the
degree of iron chloride sublimation is only 0.25%.
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Figure 2. Effect of temperature and pressure on the degree
of metal extraction into the gas phase (pressure: 1-0.1bar;

2 -0.001 bar

Figure 3 shows that the main sulfur-containing substanc-
es in the system are CuFeS,, CaSOa, SO, ZnS, PbS and CoS.
Reducing the pressure from 0.1 to 0.001 bar allows for a
reduction in the temperature of virtually complete (99.29%)
sulfur conversion to SO, from 1300 to 700°C. Only 0.7%
sulfur remains in the cinder.
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Figure 3. Effect of temperature and pressure on the degree of sulfur distribution (pressure: I — 0.1 bar; 11 —0.001 bar)
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To determine the temperature and pressure that will max-
imize the extraction of copper, zinc, lead, silver, and cobalt
into gaseous chlorides, further research is being conducted
using a second-order rotatable design [19]. Table 2 presents
the experimental design matrix and the results of studying
the effects of temperature and pressure on the conversion of
the main metals from the ore into the gas phase.

Table 2. Effect of temperature and pressure on the degree of
conversion of copper, lead, and zinc into the gas phase

Variables

No. Coded Natural acll)l (Gas): aPE(gas), azf)l(gas),
X1 Xz IgP T, °C % % %
1 + + -2.7 654 94.3 99.0 99.8
2 — + -1.3 654 46.4 75.1 75.3
3 + — -2.7 526 37.3 77.3 73.0
4 — — -1.3 526 9.0 15.6 16.0
5 1414 0 -3 590 80.5 96.2 97.2
6 -1.414 0 -1 590 12.7 25.0 27.4
7 0 1.414 -2 680 87.0 98.2 100.0
8 0 -1.414 -2 500 13.4 22.4 18.5
9 0 0 -2 590 40.2 84.7 77.8
10 0 0 -2 590 40.8 85.0 77.6
11 0 0 -2 590 41.0 85.1 77
12 0 0 -2 590 41.6 85.7 76.6
13 0 0 -2 590 41.6 86.0 76.1

Using the data from the table in [20], the following re-
gression equations were obtained:

CU (ga) =136.09-0.56-T +63.1-Ig P +

(1)
0.00058-T2 +8.5-(IgP)? —0.109-T -Ig P
aPlygas) =—1450+3.89-T —247.4-1gP -

2
0.0026-T2 —22.33-(IgP)? +0.211-T - lg P
aZn(gas) = 983.26+2.43-T —203.95-1g P — "

0.0015-T2 -15.25.(IgP)? +0.18-T -Ig P

Then, according to [21], 3D and planar images of the de-
pendencies aCu(gas), 0Pb(gas), 0Zn(gas) =f (IgP, T) were con-
structed. Table 3 presents the pressure and temperature val-
ues at the boundaries of the regions shown in Figure 4, where
aMegas) ranges from 90 to 100%.

Table 3. Pressure and temperature values at the boundaries of
the regions where aMe(gas) ranges from 90 to 100%

Points of

Metal th . IgP P, bar T,°C aMegas), %
e region
a -2.3 0.005 680 90
Copper b -2.5 0.003 680 100
c -3.0 0.001 623 100
d -3.0 0.001 601 90
t -1.57 0.027 680 90
Lead f -1.95 0.011 680 100
h -3.0 0.001 593 100
u -3.0 0.001 554 90
0 -1.67 0.021 680 90
Zine p -2.11 0.008 680 100
| -3.0 0.001 597 100
e -3.0 0.001 551 90

From Table 3 it follows that lead sublimes into chlorides
by 90-100% in the temperature range of 554-680°C at 0.011-
0.001 bar, zinc — at 551-680°C and 0.021-0.001 bar, and
copper — at 601-680°C and 0.005-0.001 bar.

635 650
Temperature, °C

son! 635 680
Temperature, °C

Figure 4. 3D and planar images of the effect of temperature
and pressure on the degree of conversion n of metals into gas
(metals: I — copper; 11 —lead; 111 —zinc)

Figure 5 and Table 3 show that copper undergoes chlo-
ride sublimation with greater difficulty than zinc and lead.
Therefore, the conditions for copper chloride sublimation
determine the optimal parameters for the chloride sublima-
tion of copper, zinc, and lead. These conditions must also be
consistent with the conversion of silver and cobalt into gas.

650 700 750 800 850 900
Temperature, °C

650 700 750 800 850 900
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Figure 5. Effect of temperature and pressure on aMe(gas) Of
silver and cobalt (the numbers near the line indicate the degree
of conversion of metal into gas, %)

Figure 5 shows the aMe(gas) regions for silver and cobalt
from 90 to 100%, and Table 4 shows the pressure and tem-
perature values for these regions. At a pressure of 0.001-0.01
bar, 0Aggas) = 90-100% in the temperature range of 698-
900°C, while cobalt does so at 689-900°C.

Comparing Tables 3 and 4, it follows that oAggas) and
aCugasy decomposition occurs at higher temperatures.
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Table 4. IgP and temperature values at the boundaries of the
regions where aMegas) for Ag and Co ranges from 90 to 100%

Points of

Metal the region IgP P, bar T,°C aMegas), %

f 3 0001 698 90
Sitver n 3 0001 700 100

m 1 0.1 900 100

K 1 01 875 90

X 3 0001 689 90

y 3 0001 700 100
Cobalt : 1 0.1 900 100

r 1 0.1 790 90

Thus, at 0.001 bar, aCugas) =100% occurs at 623°C,
while for cobalt and silver, it occurs only at 700°C. There-
fore, the optimal temperature should be determined by the
chloride sublimation of silver (698-900°C and 0.01-0.1 bar).

Figure 6 shows the effect of temperature and pressure on
the metal concentration in condensed sublimates.
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Figure 6. Effect of pressure and temperature on the concen-
tration of metals in condensed sublimates (the numbers near the
line indicate pressure in bar)

It is evident that in the region of 800-900°C the change in
pressure has virtually no effect on the concentration of cop-
per, lead, zinc, cobalt and silver, amounting to 33.7-34.0%;
11.7-11.6%; 5.97-5.95%, 2.9-2.97%, respectively. The con-
centration of iron at 600-900°C increases from (5.29 at
800°C) to (5.79 at 900°C). At 700°C and 0.001 bar, when the
nonferrous metals had completely converted into gaseous
chlorides, the concentration of copper in the condensed sub-
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limes was 33.94%, lead —11.57%, zinc —5.98%, cobalt—
2.88%, silver — 0.27%, iron — 5.49%. Chloride sublimates are
a polymetallic concentrate in which, in comparison with the
ore, the concentration of copper, zinc and silver has in-
creased by 44.6 times, lead — by 44.5 times, cobalt — by 45.3
times. The cinder after roasting the ore at 800°C and 0.001
bar contains by weight %: FesO,—59.81, Fe,Os;—12.03,
CaSiO3; - 9.33, MgSiO;-6.11, FeO-5.12, Al,O3-3.52,
SiO,—1.91, FeSiO3—1.33, MgO-0.62, Al,SiOs-0.21,
CaSO4—0.01. It can be used in blast furnaces, steelmaking
or for the production of ferroalloys.

4, Conclusions

Based on the conducted studies of the equilibrium interac-
tion of Irisu copper-magnetite ore with calcium chloride in the
presence of oxygen, the following conclusions can be drawn:

— the chlorination products are chlorides of copper (CusCla,
CusCls, CuxCl; and CuCl), lead (PbCly, PbCI), zinc (ZnCly,
ZnCl), iron (FeCls, FeCly), silver (AgCl), and cobalt (CoCly);

—according to the temperature of the beginning of for-
mation of gaseous chlorides, metals form a series: Cu, Zn, Pb,
Co, Ag and Fe; this temperature, like the temperature of com-
plete extraction of chlorides into gas, shifts to the region of
lower temperatures with decreasing pressure;

—complete chloride sublimation of copper at a pressure of
0.001 bar occurs at 683°C, zinc — 597°C and lead — 593°C,
silver and cobalt at 700°C (iron is chlorinated only by 0.24%);

—chloride sublimes formed at 700°C and 0.001 bar contain
33.94% copper, 11.57% lead, 5.98% zinc, 2.88% cobalt, 0.2673%
silver and 5.49% iron; chloride sublimes are a polymetallic
concentrate in which, compared to the ore, the concentration of
copper has increased by 44.6 times, lead — by 44.5 times, zinc
and silver — by 44.6 times, cobalt — by 45.3 times;

—sulfur present in the ore at a pressure of 0.001 bar and
700°C is almost completely (99.29%) converted to SO..

The cinder after roasting the ore at 800°C and a pressure
of 0.001 bar contains the following by weight, %: Fes04 —
59.381, Fe,03 — 12.03, CaSiOs — 9.33, MgSiOs - 6.11, FeO —
5.12, Al,0; - 3.52, SiO, - 1.91, FeSiO3 - 1.33, MgO - 0.62,
Al,SiOs — 0.21, CaSO4 — 0.01, can be used in the production
of cast iron, steel, and ferroalloys.
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HNpucy keH OpHBIHAAFBI XAJIbKOMUPUT-MATHETHT KEHIHEH KAJIbIHNH
XJOPHAL KAaThICYbIHA TYCTI MeTAJAAapPAbl XJIOPHUATI aiijay MPOLECiHiH
TEPMOAUMHAMMKAJIBIK Herizaemeci
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Angarna. Vpucy KeH OpHBIHIAFBI XaJIbKOIMUPUT-MATCHETUT KEHIHIH KYpaMbIHIA TYCTi METalTapJblH, 9Cipece MBICTHIH
Oonmybl OyJI KeHII METa/UTyprHsUTBIK OHIIpicTe Tikelel maimanaHyra MyMKiHAiK Oepmeiini. COHIOBIKTaH KEHII KOJIIaHap
aNIbIHIA OJaH MeTalJapAbl aIbIH aja Oeminm amy KakeT. Makanana Mpucy KeHiHEH TYCTI MeTajaapabl XJOPUATI aimay
apKpUTBI KYHAiIpy oficiMeH Oeuinm ayry OOWBIHIIA SKYPTi3UIreH 3epTTeyJepIiH HOTIKENepi KeNTipuireH. 3epTreyriep
KOMITBIOTEPJIIK TEPMOINHAMHUKAJIBIK MOAEIbACY daiciMeH, [ mOOC IHEPTUACHIHBIH MUHUMYM NpUHNHUIiHE Herizgearedn HSC-10
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OarmapiamMaNblK KEIIeHIH KOJJaHy apKbUIbl JKYPTi3iimi. XJIOpiaymibl peareHT PeTiHAe KaJbIUNA XJIOPHII MaimajaHbUIIbL.
Temmeparypa MeH KBICBIMHBIH TYCTI METalIapIblH XJIOPUATI aiiianyslHa, COHIAaW-aK TeMip MEH KYKIPTTIH MiHe3-KYJIKBIHA
acepi aHbIKTa bl MpHcy KeHi KaJbLuil XJOpUAIMEH SPEKETTECKEeH e KeJIeci ra3 Topi3l XJIOPUATEPiH TY31JIETiHI aHBIKTaJI/IbI:
AgCI(r), COClz(r), CU2C|2(r), CU3C|3(F), CU4C|4(F), CUC|(F), FEC|2(F), PbC|(r), PbClz(r), ZnC|2(r). Keiceimapt 0.1-nen 0.001 Gapra
JIeliiH TOMEHJIETYy MBICTBIH TOJBIK XJIOPHATI aijany TtemmeparypacbiH 683°C-ka, MbIpbITIKIH 597°C-Ka, KOpFachIHAIKIH
593°C-ka, an kymic reH kobanbTTikiH 700°C-Kka aeiiin TemenaeTeTiHi anbikTanapl. 700°C Temneparypana TeMip/iH XJIOPHATI
aiinany nopexeci HeOGapi 0.24% xypaiinel. Kyiinipinaine temip Herizinen FesO, sxoHe a3 memmepae Fe>O3 men FeO Typinne
ke3zmeceni. byn xarnainapaa KykipTTiH 6aceiM Oediri ic xy3inge Tonbik (99.99%) SO, Typinzae ra3 ¢dasaceia eteni. 700°C
temnepatypa xoHe 0.001 Oap KpIchIMAa Ty3UITeH XJIOpHUATI aiinamanap KypamsiHaa 33.94% meic, 11.57% kopracsis, 5.98%
MBIpbII, 2.88% k06anbT, 0.2673% kymic xoHe 5.49% Temip Oap. By mommMeTann KOHIEHTPAThIHAA KEHMEH CabICTBIPFaHIa
MBIC, MBIPBIII jK9HE KyMic Meniepi 44.6 ece, KopraceiH 44.5 ece, kobanbT 45.3 ece apTKaHBI aHBIKTAIIBI.

Hezizei co30ep: xanvkonupum-mazHemum KeHi, Kaabyuti XA0pudi, MmepMOOUHAMUKATLIK MoOerboey, memnepamypd,
KbICbIM, XI0pUOmMI anoay, MulC, KOPEACLIH, MbIDbIW, KOOALbM, KYMIC, KyKipm.

TepMoaguHaMmu4eckoe 000CHOBaHHME XJIOPHI0BO3IOHKHU LIBETHBIX
METAJJIOB U3 XaJIbKONMMPUT-MATHETUTOBOM pyabl Upucy B npucyrcreumn
XJIOPUIA KAJbLUS
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AnHoTanus. [IpucyTcTBHE IBETHBIX METAJUIOB M OCOOCHHO MEAW B XaJIbKONHMPHT-MAarHETHTOBOW PyIE MECTOPOXKICHHUS
Hpucy He MO3BOIISET UCHONB30BATh 3TY PYAY B METALTYPrHIECKOM MPOM3BOACTBE. [IJIs 3TOro He0OX0IMMO MpeABAPUTEIHHO
U3BJICYb METAIIBI U3 pyJbl. B crarbe MPUBOASATCS PE3yNbTAaThl UCCIIEIOBAHUS 0 M3BJICUEHHIO [[BETHBIX MeTayuioB u3 Vpu-
CYCKOH PY/bl XJIOPUIOBO3TOHOUHBIM 00KHMIroM. VccienoBanusi IPOBOIUIIUCH METOIOM KOMIBIOTEPHOTO TEPMOJANHAMHUYECKO-
ro MOJICJIMPOBaHMS U MCIIOJIb30BaHHEM MporpaMMHoro komiiekca HSC-10 ocHOBaHHOTO Ha MPHHIMIIE MUHUMYyMa SHEPTUH
I'n60ca. B kauecTBe XJIOPUPYIOLIETO areHTa UCIOIb30BAN XJIOPUA Kaiblust. Onpenessioch BIUsSHIE TEMIIEpaTypbl U JaBie-
HHS Ha XJIOPUJIOBO3TOHKY I[BETHBIX METAIJIOB U IOBEJICHHE IPH ITOM JKele3a U Cepbl. Y CTaHOBJIEHO, YTO B3aUMO/ICHCTBUE
pyzast Vpucy ¢ XJIOpHIOM KalbIns COMPOBOXKIaeTcs obpazoBanueM razoobpasubix xmopumos: AJCly, CoClyr, CuaClyy,
CusCls(ry, CusClyry, CuClyy, FeClyy, PbCliry, PhClywry, ZnClyy. YMenbuienne nasnenus ot 0.1 qo 0.001 6ap cHmkaet Temiepa-
TypY, TIOJHOW XJIOPUIOBO3TOHKH Menu mo 683°C, nmuka - 597°C, cBuHma - 593°C, cepebpa u kobansTa 10 700°C. CreneHp
xmopunoBo3ronkn kenesa mpu 700°C cocraBnser Tonsko 0.24%. B orapke oHO B Goubleit Mepe npucyTcTByeT B Buae Fe304
U B MeHbIIer Mepe - B Buzae Fe;03 u FeO. Cepa B 3THX yCIOBUIX NPaKTHIECKH MOIHOCTHIO (99.99%) nepexonur B SO,. Xio-
punmHBIe BO3roHHBI, obopasytommuecs mpu 700°C u 0.001 6ap comepxar 33.94% memm, 11.57% cBunna, 5.98% nwuHka, 2.88%
koOanbTa, 0.2673% cepebpa u 5.49% sxenesa; B 3ToM noiauMeraninyeckoM KOHIEHTpAaTe B CPAaBHEHUH C PY/IOH, COAEpKaHUE
MeJIH, IMHKA ¥ cepedpa yBenuuuioch B 44.6 pasa, cBuHila — B 44.5 pasa, kobanbpTa — B 45.3 pasa.

Knioueevie cnosa: xanvkonupum-mazHemumosas pyoa, XJ10puo Kauibyus, MepMoOuHAMUieckoe MoOeIuposanue, memne-
pamypa, oasnenue, X10puUd080320HKA, Medb, CUHEY, YUHK, KoDatbm, cepebpo, cepa.
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