SATBAYEV Engineering Journal of Satbayev University

UNIVERSITY Volume 147 (2025), Issue 6, 8-16

https://doi.org/10.51301/ejsu.2025.i6.02

The effect of iron on the production of ferrosilicon
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Abstract. The article presents the results of studies on the complex processing of ores from the Shalkiya and Zhayrem de-
posits, a distinctive feature of which is not only a low degree of floatability (due to close mutual intergrowth of zinc and lead
ore minerals with non-metallic minerals), but also a high content (40-50%) of silica. The studies were carried out by thermo-
dynamic modeling methods using the HSC-6.0 software package based on the principle of minimum Gibbs energy, second-
order planning and electric smelting in an arc single-electrode furnace of sulfide ores from the Shalkiya and Zhayrem deposits
(with a ratio of 1:1) together with carbon (coke) and iron (steel cuttings). The effect of temperature and the amount of iron on
the equilibrium distribution of silicon, zinc, lead, the composition of the silicon-containing alloy and sublimates containing
zinc and lead was determined. Conditions for the equilibrium formation of grade ferrosilicon with the transition of 60 to 85%
silicon, at least 99% zinc and 48-89% lead into sublimates were determined. Ferrosilicon grade FeSi45 was obtained by elec-
tric smelting of a mixture of the Shalkiya and Zhayrem ores in the presence of 26% coke and 18% steel cuttings, and ferrosili-
con grade FeSi25 was obtained in the presence of 26% coke and 38% iron. Sublimates of electric smelting contain 25.0-26.1%
zinc and 10.5-11.8% lead.
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1. Introduction million tons of lead-zinc barite-free ore [17], containing 3.4-
5.73% Zn, 0.56-1.5% Pb [18]. A distinctive feature of these
ores is the high silica content (49.63-56.0%), which makes
them not only a source of non-ferrous metals, but also a
potential raw material for the production of silicon-
containing ferroalloys, such as ferrosilicon.

In M. Auezov South Kazakhstan University, together with
National Center for Complex Processing of Mineral Raw
Materials of the Republic of Kazakhstan, a technology for
complex processing of complex polymetallic ores of the
Shalkiya and Zhayrem deposits is being developed [19-21].
The technology is based on the joint production in one unit —
an electric furnace, of several types of products - silicon fer-
roalloy and non-ferrous metal sublimates. The developed
technology significantly increases the efficiency of non-
ferrous metal extraction and the complex use of raw materials,
significantly reducing. Previously, studies were focused on the
processing of ore from the Shalkiya deposit. At the present
stage, joint processing of the Shalkiya and Zhayrem ores is
becoming relevant, with the organization of their industrial
processing in one of the regions of Kazakhstan. Previously,
studies were conducted to determine the thermodynamic prob-
ability of joint processing of a mixture of the Shalkiya and
Zhayrem ores with a carbon and iron content of 22% [22].

The existing approaches to zinc production and extrac-
tion, mainly based on traditional pyrometallurgical and hy-
drometallurgical processing of sulfide ores, face a number of
significant difficulties [1-3]. Despite the fact that up to 80%
of the world’s zinc is obtained from sulfide raw materials
according to the classical scheme [4-9], it is characterized by
a significant number of stages: crushing, grinding, enrich-
ment, roasting, leaching, solution purification, electrolysis
and obtaining cathode zinc. This approach leads to relatively
low rates of valuable metal extraction and the formation of a
large amount of waste, such as enrichment tailings and leach-
ing cakes. Research in the field of enrichment and hydromet-
allurgical processing of lead-zinc ores is also not able to
completely solve the problem of low zinc and lead extraction
into concentrate, and is also associated with the formation of
multi-ton waste — enrichment tailings [10-13]. These prob-
lems are especially relevant for the Shalkiya and Zhayrem
complex polymetallic ore deposits. The reserves of these
deposits are significant: Shalkiya contains 129.35 million
tons of balance and 119.56 million tons of off-balance ores
(3.49-4.27% Zn, 0.8-1.28% Pb) [14-16], and Zhayrem con-
tains 136.7 million tons of barite-polymetallic ore and 62.9
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The paper presents the results of studies on the effect of the
amount of iron on the formation of ferroalloy and distillation of
non-ferrous metals in relation to the joint processing of ores
from the Zhayrem and Shalkiya deposits, with a ratio of 1:1.

2. Materials and methods

The studies were carried out by thermodynamic modeling
using the HSC Chemistry 6.0 software package, with the
Equilibrium Compositions module [23]. To calculate the
equilibrium distribution of components (o, %), an algorithm
created by employees of Department of Metallurgy of M.
Auezov SKU was used [24].

Calculations were carried out in the temperature range of
500-2000°C with an interval of 100°C and a pressure of 1
bar. The amount of carbon was determined based on what
was theoretically necessary for the complete reduction of
zinc, lead, silicon and iron, and amounted to 26% of the mass
of the ore mixture. The amount of iron in the mixture varied
from 13 to 47% of the mass of the ore mixture. Composition
of the original mixture, mass. %: 49.1 SiO,, 19.1 Ca0, 7.9
Al,O3, 3.1 FeS;, 1.3 PbS, 6.2 ZnS, 3.6 MgO, 0.8 MnO, 5.7
Fe»03, 0.4 Na20, 3.1 BaSO..

The determination of the optimal technological parame-
ters for ore processing was carried out using the method of
second-order rototable planning (Box-Hunter plan) [25, 26].
The MathCAD program [27] was used to visualize the opti-
mization parameters and create three-dimensional and flat
graphic models.

3. Results and discussion

Using the software package, primary information was ob-
tained on the quantitative (kg) distribution of substances in the
system of 50 kg Shalkiya ore, 50 kg Zhayrem ore, 26 kg car-
bon, 30 kg iron, using the algorithm [24] the equilibrium degree
of distribution of components in the system was calculated.

From Figure 1 it is evident that the formation of FeSi and
FesSi begins at a temperature of 1200°C, FesSis at 1400°C,
FeSi, and FeSiy3; at 1500°C, CaSi at 1800°C. The highest
degree of distribution of silicon in elemental form is ob-
served at 2000°C and is 16.1%.
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Figure 1. Effect of temperature on the equilibrium distribu-
tion of silicon: (a) —formation of ferrosilicon phases and ele-
mental silicon; (b) — transition of silicon into the gas phase in the
form of SiO

A further increase in temperature leads to a decrease in the
proportion of silicon in elemental form, which is associated
with the transition of silicon into gaseous oxide — SiOg (at
2000°C, the degree of extraction of silicon in SiOg is 12.3%).

Figure 2 shows the effect of temperature on the equilibri-
um distribution of zinc and lead, from which it is evident that
zinc simultaneously begins to be reduced and converted into
gas at 1100°C. At 1700°C, more than 99% of it passes into
the gas phase.
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Figure 2. Effect of temperature on the equilibrium degree of
distribution of zinc (a) and lead (b)

Lead in the system is almost completely reduced at 1200-
1300°C. Then, with increasing temperature, it passes into gas,
reaching a maximum of 87.03% at a temperature of 2000°C.

Depending on the temperature, the following elements
pass into the alloy: Al, Ca, Fe, Mg, Mn, Na, Pb, Si, Zn, and
the following elements pass into the gas phase: Al, Ca, Mg,
Mn, Na, Pb, Si, Zn. Figure 3 shows the extraction of ele-
ments into the alloy and into the gas phase.
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Figure 3. Effect of temperature on the degree of extraction of
elements into the alloy (a) and into the gas phase (b)

The highest degree of silicon extraction into the alloy is
observed at 2000°C (81.2%). Aluminum is transferred to the
alloy to the maximum (19.3%) at 2000°C. The degree of
silicon extraction (ZaSi(g) = aSi(g) + aSiO(g)) into the gas
phase is 3.26% at 1700°C and 12.3 at 2000°C.
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Figure 4 shows information on the content of Si, Pb, Zn, Al
in the alloy (excluding iron) and the concentration of Zn, Si, Pb
in the gas phase (excluding Ca, Mg, Mn, Na, CO, CO,, SOy).
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Figure 4. Effect of temperature on the content of elements in
the alloy (a) and gas phase (b)

At 1800°C the alloy contains 65.18% Fe, 33.06% Si,
0.16% Al, 0.02% Ca, 0.03% Mg, 0.84% Mn, 0.01% Na,
0.67% Pb, 0.04% Zn. The maximum silicon content in the
alloy (33.75%) is observed at 1900°C. The aluminum content
in the alloy reaches 1.5% at 2000°C. The content of elements
in the gas phase (excluding CO(g), CO2(g), COS(g), CS2(g),
CS(g), SO2(g)) at 1800°C is as follows: 46.46% Zn, 8.55%
Pb, 17.25% Si, 0.02% Al, 0.05% Ca, 12.75% Mg, 1.78%
Mn, 3.3% Na, 9.83% O, 0.01% S. The highest concentration
of zinc in the gas phase (98.1%) is observed at 1300°C, and
lead — 8.6% at 1700°C. Silicon (as the sum of Si(g) and
SiO(g)) also passes into the gas phase, its content is maxi-
mum at 2000°C — 21.7%.

Effect of temperature and iron content on the degree of sil-
icon extraction and its concentration in the alloy is shown in
Figure 5. As follows from Figure 5, changing the amount of
iron significantly affects the technological parameters.
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Figure 5. Effect of temperature and iron on the extraction (a)
and concentration (b) of silicon in the alloy. The numbers near
the lines are the amount of iron, %

With an increase in the amount of iron in the system, the de-
gree of silicon extraction into the alloy increases, while the
concentration, on the contrary, decreases. The maximum degree
of silicon extraction (86.5%) is observed at 2000°C and 47%
iron. The highest concentration of silicon in the alloy (45.9%) is
observed at 1900°C and a minimum iron content (13%), while
the degree of silicon extraction does not exceed 72.4%.

Changing the amount of iron does not significantly affect
the degree of zinc and lead extraction into the gas (Figure 6a).
The degree of silicon extraction into the gas phase in the form
of X (SiO and Si) decreases with increasing iron. For example,
at a temperature of 2000°C and 13% iron, the degree of silicon
extraction into the gas is 21.2%, and at 47% iron — 7.3%.

From Figure 6b it is evident that changing the amount of
iron has little effect on the lead concentration in the gas. The
maximum lead concentration is observed at 1800°C (7.7-
9.5%). Up to 1600°C, the amount of iron has virtually no
effect on the zinc concentration in the gas. Then, up to
2000°C, with an increase in the amount of iron, the zinc con-
centration increases. The maximum zinc concentration
(98.2%) occurs at 1300°C regardless of the amount of iron.
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Figure 6. Effect of temperature and amount of iron on the degree of metal extraction into gas (a), concentration of zinc and lead (b)
and silicon (c) in the gas phase. The numbers near the lines are the amount of iron, %
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The silicon content in the gas phase (Figure 6¢) decreases
significantly with increasing iron content. At 1800°C and
13% iron, the silicon concentration in the gas is 24.04%, and
at 47% iron — 10.73%. In order to determine the optimal
equilibrium parameters of the effect of iron on the formation

of alloy and lead-zinc sublimates from the mixture of the
Zhayrem and Shalkiya ores, the studies were conducted us-
ing the second-order rototable planning method. The study
planning matrix is given in Table 1.

Table 1. Planning matrix and results of studies of the effect of temperature and amount of iron on technological indicators

Variables . .
No. Coded view Natural view aSIé/a”"y)’ CSL‘;”"V)’
X Xs T,°C | Fe % ’ ’
1 -1 -1 1743.6 17.9 67.00 38.50
2 +1 -1 1956.4 17.9 75.50 41.00
3 -1 +1 1743.6 421 78.30 27.00
4 +1 +1 1956.4 42.1 85.38 27.00
5 1.414 0 2000 30 81.18 33.56
6 -1.414 0 1700 30 70.22 30.57
7 0 1.414 1850 47 84.26 26.59
8 0 -1.414 1850 12 65.20 43.35
9 0 0 1850 30 79.54 33.40
10 0 0 1850 30 78.80 33.50
11 0 0 1850 30 80.40 33.30
12 0 0 1850 30 79.10 33.20
13 0 0 1850 30 80.00 33.80

Based on the results of the research according to the plans
presented in Table 1, the regression equations were obtained:

aSicaiioy) = -515.189+0.569-T +1.863- Fe~1.415-10~* -T2 -

~1.43.1072.Fe? -2.757-107* .T - Fe @)
CSi(alioy) = —206.971+0.259-T +0.091- Fe - 6.386-T2 + 2
+4.979-10~3 . Fe? —4.855-10™ .T - Fe

aZN(gas) = 74.723+0.025-T —0.016- Fe —6.369-10°° - .
T2 42049 -Fe? +6.214-10°.T - Fe

CZN(gas) =1154.65-1.124-T +1.156 - Fe +2.78-10 - @
T2_-1.318-1073-Fe? —3.495.10*.T - Fe

aPlygas) =-1030.71+1.073-T —0.147- Fe - 2.555-10~* - -
7241427103 . Fe? -3.884-10°.T - Fe

CPb(gaS) =-24.16+0.043-T —0.318-Fe—1.465- ©
T2-4849-10% Fe? +2.268-10™*.T - Fe

aSi(gas) =—146.464+0.12-T +1.293- Fe —1.606-10* )
T214173-10°% . Fe? -9.903-10 4 .T - Fe

CSi(gas) = —286.557+0.307-T —0.148- Fe—7.261-10 - ©

T2 424791072 . Fe? -2.33-10%-T -Fe

Using which 3D models and their horizontal response
surfaces were constructed (Figures 7-10).

From Figure 7 it follows that the highest degree of silicon
extraction into the alloy — 85.69% is observed at a tempera-
ture of 1960°C and 47% iron, and the maximum concentra-
tion is 44.5% at 1960°C and 13% iron.

11

(xZn(gaS), CZn(gaS), an(gas)v CPb(gas), aSi(gas), CSi(gas),
% % % % % %
99.42 50.00 58.60 7.90 7.50 20.00
99.78 29.30 85.20 6.33 16.80 27.00
99.34 61.50 56.40 9.20 3.00 10.00
99.73 39.00 82.80 8.80 7.20 15.80
99.80 32.01 87.10 7.50 12.30 21.76
99.17 64.57 48.82 8.60 3.26 11.69
99.58 48.82 71.25 9.38 4.47 11.87
99.69 34.39 77.08 7.10 14.26 26.32
99.63 41.96 73.72 8.33 8.15 18.57
99.63 41.80 72.80 8.42 8.10 18.40
99.65 42.20 73.83 8.30 8.22 18.60
99.64 41.70 73.75 8.26 8.25 18.30
99.62 42.30 73.85 8.38 8.13 18.70

From Figures 8-10 it is evident that at 13% iron and a
temperature of 2000°C the maximum degree of zinc extrac-
tion is 99.82%, lead — 89.49% and silicon — 21.08% into the
gas phase, as well as the highest silicon content in the gas
phase — 30.27%. The highest concentration of zinc (71.8%)
and lead (9.36%) in the gas phase is observed at 47% iron
and a temperature of 1700°C and 1775°C, respectively.
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Figure 7. 3D models and planar projections illustrating the ef-
fect of temperature and iron content on silicon behavior:
(a) — degree of silicon extraction into the alloy; (b) — silicon con-
centration in the alloy

The basis for determining the optimal equilibrium tech-
nological parameters was the silicon concentration in the
alloy corresponding to its grade.
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Figure 8. 3D models and planar projections illustrating the ef-
fect of temperature and iron content on zinc behavior:
(a) — degree of zinc extraction into the alloy; (b) — zinc concentra-
tion in the gas phase
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Figure 9. 3D models and planar projections illustrating the ef-

fect of temperature and iron content on lead behavior:
(a) — degree of lead extraction into the alloy; (b) — lead concentra-
tion in the gas phase

Geometric optimization was performed by superimposing
the dependencies aSi(alloy) = f(T, Fe) and CSi(alloy) = f(T,
Fe) on one horizontal plane with the determination of
aZn(gas), aPb(gas) and aSi(gas) at the points of the bounda-
ry regions (Figure 11 and Table 2). Table 2 shows the tech-
nological indicators at the points of Figure 11.
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Figure 10. 3D models and planar projections illustrating the
effect of temperature and iron content on silicon behavior in the
gas phase: (a) — degree of silicon extraction; (b) — silicon concen-
tration in the gas phase
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Figure 11. Combined picture of the effect of temperature and
amount of iron on technological parameters

It is evident from Figure 11 that ferrosilicon grade
FeSi25with the extraction degree of 75.9-85.5% silicon is
formed in the temperature range of 1700-2000°C and 35.87-
47% iron. At the same time, 99.1-99.2% zinc, 47.2-86.0%
lead, and 2.0-10.0% silicon pass into the gas phase contain-
ing 34.7-71.8% Zn, 8.0-9.1% Pb, and 6.1-11.4% Si.

In the temperature range of 1741-2000°C at 13-17.83%
iron, ferrosilicon grade FeSi45 is formed, into which silicon
passes by 60.8-74.2%. The content of metals in the gas
phase: zinc — 25.7-48.4%, lead — 5.4-7.7%, silicon — 21.8-
30.3%. In this case, 99.4-99.8% Zn, 59.4-89.5% Pb, 21.8-
30.3% Si pass into the gas phase.
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Table 2. Values of technological parameters at the points of Figure 11

Points of

Figure T, °C Fe, % dsi(auoy), % CSi(a"cy), % U.ZIl(gas), %
a 1700 47 75.9 24.9 99.1
b 2000 47 85.5 24.7 99.8
c 2000 35.87 84.0 29.9 99.8
d 1700 31.9 71.9 30.0 99.2
k 1741 13 60.8 41.0 99.4
m 1845 16.6 70.1 41.1 99.7
n 2000 17.83 74.2 41.0 99.8
| 2000 13 70.0 445 99.8

Photographs of ferroalloys obtained by electric smelting
of batches No.1 and No. 2 are shown in Figure 12. SEM
analysis of the alloy of batch No. 2 is shown in Figure 13.

e

|n|||||n‘||n|mrn|||||m||||||m|n|‘n|||||||| ||1||‘n{||[ ||[

(@)

Figure 12. Photographs of the obtained ferroalloys. (a) — batch
No. 1, (b) — batch No. 2
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Figure 13. SEM microstructure and EDS spectrum of the al-
loy obtained from batch No. 2. Elemental composition (wt.%):
8.59 C, 0.46 Na, 0.40 Al, 33.45 Si, 0.26 CI, 0.91 Ti, 0.30 Cr, 1.47
Mn, and 54.17 Fe.

13

CZn(gaS), % UvPb(gas) % CPb(gaS), % aSi(gas), % CSi(gas), % A"Oy grade

718 472 9.1 20 6.1

386 84.8 9.1 6.2 145 .
347 86.0 8.0 10.0 19.0 FeSiz5
64.9 487 87 29 11.4

48.4 59.4 77 8.9 218

365 75.0 73 126 245 .

27.7 88.6 6.0 18.4 27.7 FeSi45
25.7 89.5 5.4 211 30.3

Experimental exploratory electric smelting of the mixture
of the Shalkiya and Zhayrem ores with different amounts of
iron was carried out. (A detailed description of the electric
smelting technique is presented in [28, 29]). The electric
smelting of batch (No. 1) containing the mixture of the
Shalkiya and Zhayrem ores, 26% coke, and 16.4% iron
yielded ferrosilicon with a silicon content of 36.0-41.5%,
which corresponds to ferrosilicon grade FeSi45 [30].

The resulting sublimates contain 27.0-29.1% zinc and
12.5-14.2% lead. The electric smelting of batch (No. 2) con-
taining the mixture of the Shalkiya and Zhayrem ores, 26%
coke, and 38% iron yielded ferrosilicon with a silicon content
of 28.8-37.2%, which corresponds to ferrosilicon grade
FeSi25. The process resulted in the formation of sublimates
containing 25.0-26.1% zinc and 10.5-11.8% lead (the analy-
sis of the sublimates was carried out by titrimetric method in
Central Analytical Laboratory of A-Mega Trading LLP).

4. Conclusions

Based on the obtained results on the effect of the amount
of iron on the formation of ferroalloy and distillation of non-
ferrous metals during the processing of the mixture of ores
from the Zhayrem and Shalkiya deposits, in a ratio of 1:1, it
was established that:

Under equilibrium conditions:

- the interaction products in the system are: CO), FeSi,
CaSiOs, FeSiOs;, *2CaO*SiO;, SiOy, CaS, MgSiOs,
CaO*A|203, FE3Si, ZnS, Ca(g), A|203, A|25i05(A), Zn(g),
FeO, Si, *3Ca0O*Al,03, Mg(g), BaO, Al, MgO, Ca0, Al),
Pb, MI’ISiO3, Pb(g), FE5Si3, PbS, Nazsi03, Zn, CaSi, Mn,
Mne), MnO, FeSiz, COyq), Nag), FeSizzs, *2Ca0*Al,0s3,
COSyg), Si(g), FeSiz.a3.

— with an increase in the amount of iron in the system, the
degree of silicon extraction into the alloy increases, while the
concentration, on the contrary, decreases;

— ferrosilicon grade FeSi25, which contains 24.7-30% Si,
is formed in the range of 1700-2000°C in the presence of
35.87-47% iron. The degree of silicon extraction into the
alloy is 75.9-85.5%. 34.7-71.8% zinc, 8.0-9.1 lead and 6.1-
11.4% silicon pass into sublimates;

— ferrosilicon grade FeSi45 is formed in the range of
1741-2000°C with the iron content of 13-17.83%. The degree
of silicon extraction into the alloy is 60.8-74.2%. The sub-
limes contain 25.7-48.4% zinc, 5.4-77% lead and 21.8-30.3%
silicon.

Ferrosilicon grade FeSi45 was obtained by electric smelt-
ing of the mixture of the Shalkiya and Zhayrem ores in the
presence of 26% coke and 18% steel cuttings, and ferrosili-
con grade FeSi25 was obtained in the presence of 26% coke
and 38% iron. The sublimes formed in this case contain 25.0-
26.1% zinc and 10.5-11.8% lead.
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Hlanxus sxone Koipem cyb(PuATI KeHAEPiHIiH KOCIACKIHAH
TYCTi MeTaJIAaAPAbI aliay KIHEe KPeMHHJIi GeppoOKOPbITIAHBI
aJyaa TeMipaiH dcepi

K. Aiitkynos!, B.M. IlleBko?", A.Jl. Banukosa?, T.U. Anam?

Kasaxcman Pecnybaukaceinblyy MUHEpanowblk wuKisammsl KeuieHoi oyoey Jconinde2i yimmolk opmanviasl, Aivmamet, Kasaxcman
2M.Bye306 amvinoazvl Oymycmix Kazaxcman ynusepcumemi, Illoimxenm, Kazaxcman

*Koppecnonoenyus ywin asmop: shevkovm@mail.ru

Anparna. Maxkanaga Illankus xoHe JKoiipeM KeH OpBIHIApBIHBIH KEHICPIH KEHICHAlI oHJey OOMBbIHIIA 3epTTeylepaiH
HOTIDKEINIEpl KeNTIpPUIreH, OHOAFbl  (proTanusiayAblH TOMEH IopekeciHae FaHa eMmec (MBIPHIII TeH KOPFACchIH KEeHiHiH
MHUHEPAIIAPBIHBIH METa/Ul eMeC MUHEpaJIapMEeH ©3apa THIFbI3 ocyiHe OaliIaHBICTHI), COHBIMEH KaTap KPEMHE3EMHIH XKOFaphl
mesmepiniriven (40-50%) aiipsikma epexmeneneni.3eprreynep Llankus sxone XolipemM KeH OpBIHIAPBIHAAFBI CYIbQHUATI
keHaepai (1:1 xaTbIHACBIMEH) KOMipTeTiMEeH (KOKCIIEH) JKOHE TeMipMeH (TeMip JKOHKACHIMEH) Oip 3JIeKTPOATHI JOFAJbI MEIITe
ANIEKTPJIi OAJKBITYMEH, CKiHIII PeTTi jKocmapiiayMeH oHe ['MOOC SHeprusiChIHBIH MUHHMMAIAbI NPHUHIMIIIHE HEri3JenreH
HSC-6.0 bargapinaMainblk KelleHIH KOJIJaHy apKblIbl TEPMOJMHAMUKAIIBIK MOJEJIbICY daicTepiMeH xyprisinai. TemnepaTtypa
MEH TeMip MeJIIepiHiH KPeMHHMHKYpaMIac KOPBITIIAHBIH, MBIPBIII MEH KOPFAChIHBI Oap aijaynap/AblH KYpaMblH JKOHE
KPEMHHI/IIH, MBIPBIIITBIH, KOPFACHIHHBIH OIpTeKTi TapayyblHa ocepi aHblKTayabl. Kypambiga 60-tan 85% kpemuuiire,
keminge 99% wmbipbiin xoHe 48-89% KOpracklH aiijaynapeiHa OTETIH COPTTHl (EeppOCHIMUMUA TY3UIyHAiH Tene-TeHJIK
maptTapbl aHbikTaiael. Hlankus sxoHe JKolipem keHIepiH dIeKTpuiOaiKbITyia Kocna Kypambl 26% kokc xone 18% Oomat
JKOHKACBIHBIH KaTbicybIMeH FeSi45 mapkanel ¢eppocumummii, an 26% Kokc koHe 38% TeMip >KOHKACHIHBIH KAaTBICYBIHIA
FeSi25 deppocummmmii anbHabl. DneKTpiaidankeiTy ainaymapst 25.0-26.1% mbipei nen 10.5-11.8% kopracsiHHAH Typasbl.

Hezizzi co30ep: muipbiut neH KOpeacih NOIUMEmMAaill KeHoepi, ¢peppocunuyuil, auoaynap, mepmoOUHAMUKATIBIK MOOeboey,
9NEKMPOOATKLIMY.

Biausinue Kejie3a Ha moJiyueHre KPeMHUCTOro geppociuiaBa
U OTTOHKY IBETHBIX METAJIJIOB U3 CMECH CYJIb(PUIHBIX Pya
Hlanxkus u Kaipem

K. Aiitkynos!, B.M. Illepko?", A.Jl. Bagukosa?, T.U. Anam?

Hayuonanvuwiii yenmp no KoMnieKcHotl nepepabomxu MuHepaibHo2o coipba Pecnybnuxu Kasaxcman, Aimamsl, Kasaxcman
2[0xcno-Kazaxemanckuil yHugepcumem um. M. Ayazosa, [Llvimkenm, Kazaxcman

*Aemop ons koppecnonoenyuu: shevkovm@mail.ru

AHHOTauuA. B cTaThe MpuBOASITCS pe3ynbTaThl UCCIEAOBAHNN 10 KOMIUIEKCHOH TiepepaboTke pyx MecTtopoxkaeHui [a-
kus ¥ JKalipeM, OTIIMYUTENEHON 0COOCHHOCTHIO KOTOPBIX SIBIIICTCS HE TOJIBKO HE BBICOKas CTENeHb (protupyemoctu (u3 -3a
TECHOT0 B3aMMHOT'O MPOPACTAHUS PYAHBIX MUHEPAIOB [IMHKA U CBUHIIA C HEPYAHBIMU MUHEpaJaMu), HO U BBICOKOE COJIEpKa-
Hue B HUX (40-50%) kpemuezema. VccnenoBanus MpoBeIeHB METOJaMU TEPMOAMHAMHYECKOTO MOJICIIUPOBAHUSI C UCIIONB30-
BaHUEeM IporpamMmHoro komiwiekca HSC-6.0, 0cHOBaHHOT'O Ha NPUHIIMIIC MHHUMYMa 3Heprun ['n60ca, IIaHUpOBaHUEM BTO-
pOTo MopsiJIKa U IIEKTPOIUIABKOW B AYrOBOH OJHOIEKTPOJHOM Neun cynbQUIHbIX pya MectopoxkaeHuid [Hankus n XKaiipem
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(c orHOMIEHHEM 1:1) COBMECTHO ¢ yriiepoaoM (KOKCOM) U Kene30M (CTalmbHOU cTpykkoii). OTnpeiesieHo BIUsSHUE TeMIIepaTy-
PBI ¥ KOJIMUYECTBA JKEJIe3a Ha PAaBHOBECHOE paclpezielieHue KPEMHHUS, [IMHKA, CBUHIA COCTaB KPEMHHUHCOEPIKAIETO CIUIaBa U
BO3TOHOB, COJAEPXAIIMX LUHK U cBHHel. OmpeneseHbl YCIOBHS PaBHOBECHOI'O OOpa3OBaHMS MAapOYHOrO (heppoCHIMIus C
nepexonoM B HUX oT 60 no 85% kpemuusi, He MeHee 99% nmHka 1 48-89% cBUHIA B BO3TOHBI. DIIEKTPOIUIABKOH CMECH Py
Hlankust u XKaiipem B npucyrctBun 26% kokca u 18% cranpHO# cTpyxku nosnydeH ¢eppocunununii Mmapku FeSi45, a B npu-
cyrcTBuH 26% Kokca u 38% ixene3a -dpeppocununuii FeSi25. Bo3rons! anekrporiaBku coaepxar 25.0-26.1% munaka u 10.5-
11.8% cBuHIA.

Kniouesvle cnosa: ceunyo8o-yunkogvie NOIUMEMaiiuieckue pyovl, geppocunruyutl, 60320Hsl, MeEPMOOUHAMULECKOE MOOe-
Juposanue, dIeKmponiaeKd.
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