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ABSTRACT

The article provides a brief overview of the aluminum industry development in Kazakhstan and the
possibility of obtaining high-strength structural aluminum-lithium alloys. The country's enterprises
produce aluminum of technical purity and aluminum alloys of low and medium strength of 6060, 6063,
6463, 6082, AKSM2, ADS-12, AD-31, AD-35, which are available materials for the construction industry.
In Kazakhstan, there is progressive development of mechanical engineering which requires stronger
alloys of 300-400 MPa, and for special engineering (defense, aerospace, and other advanced industries)
- strengths above 415 MPa. High-strength structural aluminum alloys are based on Al-Cu-Mg, Al-Zn-Mg-
Cu, Al-Li systems. Among these systems, relatively new Al-Li alloys are of great interest, having a great
potential for further improvement of characteristics. The Al-Li system alloys with record-high specific
strengths, corrosion-resistant, and good welded joints are widely used in the aerospace industry, where
they are used for the production of power elements and housings. The article provides an overview of
the known aluminum-lithium alloys, as well as the main technological stages of their production.
Keywords: alloy, aluminum, lithium, magnesium, zirconium, strength, technology.
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Introduction alloys of the Al-Cu-Mg and Al-Zn-Mg-Cu systems do

Currently, the main aluminum alloys produced in
the world are alloys of the Al-Si, Al-Mn, Al-Mg, Al-
Mg-Si, Al-Cu-Mg, Al-Li systems with a specific
strength of 64-223 m?/s%. According to strength
characteristics, aluminum alloys are divided into
three classes: alloys of low, medium, and high

specific strength (Table 1).

not meet the requirements of weight reduction and
good weldability of the structure. These properties
are a priority when creating airplanes and spacecraft.
The alloys of the Al-Cu-Mg and Al-Zn-Mg-Cu systems
are very susceptible to corrosion and require
anodizing of the surfaces.

Among all aluminum alloys, the alloys of the Al-
Li system have not only high strength characteristics
but are also easily amenable to any type of welding,

The high-strength alloys include alloys of the Al- haye high corrosion resistance, which makes them a
Cu-Mg, Al-Zn-Mg-Cu, and Al-Li systems as can be  promising new class among high-strength aluminum
seen from the table. The alloys of these systems have alloys [[1], [2], [3]]. The huge interest in aluminum-
high strength compared to other alloys, however, |ithium alloys is caused by the fact that each
the alloys of the Al-Cu-Mg and Al-Zn-Mg-Cu systems  percentage of lithium included in the alloy reduces
are not amenable to arc welding, and have a high  the density by 3%, increases the modulus of elasticity

density due to the copper and zinc included in the by 6%, increases the resistance of the alloy to crack
composition. The characteristics of high-strength  propagation [4].
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Table 1 - Mechanical properties of aluminum alloys [[1], [2], [3]]

Characteristics of alloys System Grades Specific Arc welding Corrosion
strength, m?/s? resistance
Low strength alloys Al-Si AK12 64 Good Good
AK9 98
AK7 83
Al-Mn AMc 80 Good Good
Medium strength alloys Al-Mg-Si AD31 92 Average Average
AD33 118
AD35 122
Al-Mg AMg5 112 Good Good
AMg6 151
Al-Zn-Mg 1915 134 Average Low
1925 123
High-strength alloys Al-Cu-Mg D1 147 Low Low
D16 160
Al-Zn-Mg-Cu B95 182-200 Low Low
Al-Li 1420 180 Good Good
1460 215
2090 223
8090 171

But the main advantage of Al-Li alloys is that they
are easy to weld, allowing the use of such types as
laser, friction welding with stirring, and argon arc
welding with the use of additive materials [[5], [6]].
The use of these technologies in the creation of
welded structures of aerospace vehicles and other
vehicles made of Al-Li alloys gives a huge weight
advantage compared to riveted structures made of
traditional aluminum alloys, which saves fuel
consumption by reducing the weight of the product
by 15-25% [7].

Aluminum-lithium alloys: history, types, and
applications. Development of aluminum-lithium
alloys began in 1950 and alloys of various purposes
have been created to date: alloys of the Al-Li-Mg
system for welded and riveted structures; high-
strength alloys of the Al-Li-Cu system to replace the
B95 type alloy; high crack resistance alloys of the Al-
Li-Mg-Cu system to replace the alloy type D16; heat-
resistant and high-strength alloys of the Al-Li-Cu-Mp-
Cd system; welded high-strength alloys of the Al-Li-
Cu-Sc system for operation at low temperatures. The
aluminume-lithium alloys are divided into three
generations. Al-Li alloys of the first generation are
mainly researched and developed in USA and USSR
in the period 1950-1960; Al-Li alloys of the second
generation were obtained in the USA, Europe, and
Russia in the period of 1970-1980; Al-Li alloys of the
third generation are studied mainly in the USA. Their
development began in the early 90s and continues to
the present. The chemical composition and
mechanical properties of the known aluminum-
lithium alloys are given in Table 2 [[8], [9], [10], [11]].

The first aluminum-lithium alloy 2020 was
developed in 1957 by Alcoa (USA). Alloy 2020 had
high strength and high creep resistance at 150-200 'C
and was used to manufacture the wings of the Ra-5C
Vigilante BMC aircraft. In 1960, alloy 2020 was
discontinued due to production problems related to
its high brittleness and poor ductility [12].

The first Soviet aluminum-lithium alloy VAD23
with lithium content was developed in 1960. Alloy
VAD23 has a 5% low density and a 5% high modulus
of elasticity compared to alloy D16. VAD23 has high
heat resistance at temperatures up to 225°C due to
the content of manganese and cadmium. However,
the low strength and plastic characteristics of
welded joints, and the tendency to crack did not
make it possible to use the alloyVAD23 in practice
[[12], [13], [14], [15], [16]].

In 1965, on the basis of the Al-Li-Mg system, the
first original, patented, lightest (2.4 g/m?3), weldable,
corrosion-resistant alloy 1420 was developed. Alloy
1420 had high corrosion resistance, good
weldability, high modulus of elasticity, sufficient
strength, and low density. Alloy 1420 is 12% lighter
and the modulus of elasticity is 8% higher compared
to alloy D16. There are no existing analogs of alloy
1420 outside Russia [15].

In 1971, alloy 1420 was used in the riveted
fuselage structure of the Yak-36 aircraft, reducing
the bulk to 24%. Due to the weldability of all types of
welding, alloy 1420 was used in 1980 to create the
world's first welded MiG-29 aircraft (Figure 1). As a
result, welded sealed tanks and the cockpit were
made of alloy 1420 [17].
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Alloys 1421, and 1423 with a high yield strength
(up to 25%) were obtained on the basis of 1420 due
to the addition of scandium. Alloy 1421 is widely
used in the rocket housings of Makeev State Rocket
Center JSC, which made it possible to reduce the
mass by up to 15%. Alloy 1423 containing
magnesium and scandium was developed in 1985-
1986 and was used for the manufacture of sheet
parts of complex shapes [15].

In order to replace alloys of the D16 type based
on the Al-Li-Mg-Cu system, alloys 1430, 1441, and
1440 with low density (by 8%), high modulus of
elasticity (by 10%) and crack resistance have been

Table 2 - Chemical composition of aluminume-lithium alloys

developed. Alloys 1430 and 1441 differ from alloy
1440 in high ductility (1.5-2 times) [[15], [18]].

Based on the Al-Cu-Li system, alloys 1450 and
1451 have been developed, which have high
strength at elevated temperatures and high
corrosion resistance. When replacing the B95 alloy
with alloys 1450 and 1451, the weight of the
structures is reduced by 8-10%; with an increase in
stiffness by 10%. As a result of additional alloying
with zirconium and scandium alloys of the Al-Cu-Li
system, a weldable alloy 1460 was developed for
welded cryogenic fuel tanks for space and aviation
purposes [15].

Alloy Content of elements in the mass.%
grade | [j lcu [mMn |mg [sc |Ag |c  |zZr |1i |2zn | Manufacturer

1st generation. Specific strength 169-180 m?/s?
2020 1.2 4.5 0.5 Alcoa 1958
1420 2.2 to 6.2 0.1 VIAM 1965

0.25

1421 2.2 0.2 6.1 0.35 0.1 VIAM 1965
1423 2.0 0.2 4.4 0.12 0.1 VIAM 1965
1424 1.8 0.25 5.1 0.08 0.1 0.2 VIAM 1965
5091 1.4 4.2 Alcoa 1958

2nd generation. Specific strength 176-223 m?/s?
1440 2.3 1.9 0.08 1.1 0.2 0.1 VIAM 1980e
1430 1.7 1.6 2.7 0.11 VIAM 1980e
1441 2.0 1.9 0.4 1.1 0.16 0.07 VIAM 1980e
1450 2.0 3.2 0.08 0.1 0.2 0.15 VIAM 1980e
1460 2.3 3.3 0.1 0.1 0.12 0.15 VIAM 1980e
1461 1.8 3.5 0.5 0.6 0.8 0.05 0.12 0.05 VIAM 1980e
1464 1.8 3.2 0.4 0.7 0.09 0.11 VIAM 1980e
1469 1.7 4.5 0.5 0.5 0.28 1.5 0.2 VIAM 1980e
2090 2.6 3.0 0.0 0.3 0.05 0.1 0.1 Alcoa 1984
2091 2.3 2.5 0.1 1.9 0.1 0.1 0.1 Pechiney 1985
2094 1.4 5.2 0.2 0.8 0.6 0.12 0.1 EAA, 1984
8090 2.4 1.2 0.8 0.11 EAA, 1984

3rd generation. Specific strength 181-242 m?/s?
2195 1.0 4.0 0.4 0.4 0.11 LM/Reynolds 1992
2196 1.75 2.9 0.3 0.5 0.4 0.11 0.3 LM/Reynolds 2000
2297 1.4 2.8 0.3 0.25 0.11 0.5 LM/Reynolds 1997
2397 1.4 2.8 0.3 0.2 0.11 0.1 Alcoa 1993
B-1469 | 1.2 3.2 0.3 0.1 0.4 0.09 VIAM 2000e
B-1461 | 1.8 2.8 0.5 0.1 0.08 0.6 VIAM 2000e
2098 1.05 3.5 0.35 0.53 0.4 0.11 0.3
2198 1.0 3.2 0.5 0.5 0.4 0.11 0.3 Reynolds/McCook

2005

2099 1.8 2.7 0.3 0.3 0.09 0.7 Alcoa 2003
2199 1.6 2.6 0.3 0.2 0.09 0.6 Alcoa 2005
2050 1.0 3.6 0.3 0.4 0.4 0.11 0.2 Pechiney 2004
2296 1.6 2.4 0.2 0.6 0.4 0.11 0.2 Alcan, 2010
2060 0.7 3.9 0.3 0.8 0.2 0.11 0.4 Alcoa 2011
2055 1.1 3.7 0.3 0.4 0.4 0.11 0.5 Alcoa 2012
2065 1.2 4.2 04 0.5 0.3 0.11 0.2 Constellium 2012
2076 1.5 2.3 0.3 0.5 0.2 0.11 0.3 Constellium 2012
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Based on the developed alloy 1420, Alcoa, Alcan,
Pechiney intensive work on aluminume-lithium alloys
were carried out. As a result of these works, foreign
alloys 2060, 2090, 2091, 8090, Navalite and others
were developed [[19], [20], [21]].

Aluminum-lithium alloys are used in the
manufacture of wings and horizontal stabilizer of the
American military aircraft A-5 "Vigilante", in the
lower wing skin of the Airbus A380, the internal
structure of the Airbus A350 wing, Bombardier
CSeries fuselage (where alloys make up 24% of the
fuselage) [22], in the cargo floor of the Boeing 777X
[23] and in the blades the fan of the Pratt & Whitney
PurePower turbofan aircraft engine [24]. Welded
hulls of the well-known Proton and Angara launch
vehicles (Russia) are made of aluminum-lithium
alloys.

In space technology, tanks for fuel and oxidizer
of the first and second stages of the Falcon 9 launch
vehicle are made of aluminum-lithium alloys using
friction welding with mixing (Figure 2) [25]. The
Falcon 9 is a two-stage liquid-fuel rocket with a
diameter of 3.66 m. The tanks of both stages are
made of sheets and plates of Al-Li 2198.

Figure 1 - MiG-29 FTR

The thrust panels of the Space Shuttle launch
vehicle tank were also made of Al-Li alloys 2090,
2195, which made it possible to reduce the weight
of the product by 3000 kg than when using alloy
2219 (Figure 3) [11].

Figure 2 - Falcon 9 fuel tank made of aluminum-
lithium alloy 2198

The use of Al-Li alloys for future cryogenic tanks
was studied by the European Space Association

(ESA) [[26], [27]]. Al-Li alloys are used in the Centaur
upper stage in the Atlas V rocket (Figure 4) [28] and
the Orion spacecraft (Figure 5) [[29], [30]]. Orion has
a crew module and a maintenance module. Both
modules use aluminum-lithium alloys 2195 for the
main bearing spars and alloy 2050 for other
components, including frames, ribs and window
sections.

Figure 3 - External fuel tanks and thrust panels of
the Space Shuttle tank made of aluminum-lithium alloys
2090 and 2195

Figure 4 - Centaur upper stage in the Atlas V rocket

The key technology for manufacturing Al-Li alloy
components and structures for spacecraft,
especially tanks and tank domes, is friction mixing
welding. Friction welding with mixing was used to
connect the components of the Orion crew module
Al-Li, including the final 11.3 m long weld connecting
the forward cone assembly and the crew tunnel with
the aft assembly [[31], [32]]. Friction welding with
mixing has also been used to manufacture spin
domes of fuel tanks made of Al-Li alloy 2195 [33] and
it is planned to use this technology to connect parts
of the main tank made of alloy 2219 for the Ariane 5
launcher [34].

Figure 5 - Al-Li alloys used in the American Orion
spacecraft
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Aluminum-lithium alloys are also beginning to
be used in shipbuilding and the automotive industry.

Technology for the production of aluminum-
lithium alloys. Aluminum-lithium alloys used in
aerospace, defense technology and other high-tech
industries have high mechanical properties (o in 2
415 MPa) and are subject to international export
control agreements for dual-use goods and
technologies [[35], [36], [37], [38]]. The countries
producing such materials do not publish the
technologies used, and the finished materials are
sold to third countries only under intergovernmental
agreements, similar to arms sales. In open sources,
only the grades of the alloy, its chemical
composition, mechanical properties, and in some
cases possible prices are given. International export
control agreements do not restrict the rights of third
countries to develop and manufacture dual-use
materials.

Despite the fact that there are no direct
descriptions of the production technology of dual-
use aluminume-lithium alloys in the literature, their
main principal stages can be described in a general
way, based on standard operations for the
production of traditional aluminum alloys [39].

The simplest and most commonly used
aluminume-lithium alloy is alloy 1420 (Table 2). Alloy
1420 belongs to the Al-M—Li system. A feature of this
alloy is its very strong oxidizability during melting
and casting, due to the presence of lithium. It is
believed that the introduction of lithium and
refractory zirconium into the melt requires the
development of special technological techniques.
The technological stages of obtaining aluminum-
lithium alloy 1420, most likely consist of the
following stages:

1. Preparation of the charge. At the beginning of
the operation, the components of the charge are
calculated by % weight. Alloying components are
used in the form of pure metal or aluminum ligature
Al-Li, Al-Zr, and Al-Mg. The technology of introducing
alloying components is not described in the
literature, they need to be determined
experimentally [[40], [41], [42]].

2. Melting. The charge is melted in an induction

vacuum furnace in an argon or helium medium at a
temperature of about 660-700°C for 10-120
minutes. It is allowed to increase the temperature to
780 * 15°C for uniform distribution of refractory
zirconium over the melt volume. Heating over 800°C
is not desirable due to the strong oxidizability of
lithium and loss of magnesium. There are no data on

melting pressure. However, it can be assumed that
the residual pre-vacuum pressure will be sufficient
[[43], [44], [45]].

3. Degassing. The melt is kept in a vacuum
chamber at a residual pressure of 266-1333 Pa (2-10
mmHg) and at a temperature of 750-800°C for 5-20
minutes. Using such treatment of the melt with a
chlorine-containing flux, the hydrogen content
decreases to 0.10 cm 3/100 g [45].

4. Casting. The finished melt is poured and
cooled in steel or graphite molds in an argon or
helium medium [45].

5. The chemical composition of the cast sample
should be within the following limits: Mg — 5-6%, Li
—1.9-2.3%, Zr — 0.09-0.15%, Si —0.1-0.3%, res. Al.

6. Homogenization annealing of the sample
varies at the following intervals: 450+ 10 C for 1.5-6
hours. The vacuum in the chamber should not be
lower than 0.1MPa (1 atm) [[46], [47]].

7. Sample tempering varies at the following
intervals: 450°C-490°C for 20 - 120 minutes and
cooled in air or water [[46], [47], [48], [49], [50],
[51]].

8. Sample aging is carried out under the
following conditions [[47], [48], [49], [50]]:

e 120-180°C-5-16 h

e 120°C-12h,+180°C-12h

9. Sample deformation varies at the following
intervals: deformation of 15-30% at a rate of 1s™* for
0.5-1 hour at 20-550°C and a pressure of 6 MPa
[[46], [51], [52]].

10. Sample recrystallization is carried out at
510°C for 30 minutes [51].

11. Determination of sample properties.

The above-proposed stages of 1420 alloy
production can be implemented at Kazakhstan
plants to produce aluminum alloys and products.

Aluminum industry in Kazakhstan. Kazakhstan
has a good raw material base for the production of
aluminum and its alloys. The only alumina producer
in the country is the Pavlodar Aluminum Plant, which
uses alumina as a raw material for the production of
primary metallic aluminum. Pavlodar Aluminum
Plant is part of the association of Aluminum of
Kazakhstan JSC. The plant was put into operation in
1964 and until today its production capacity has
reached 1.5 million tons of alumina per year.

The main consumers of commercial alumina of
Aluminum of Kazakhstan JSC are enterprises of the
Russian Federation, Tajikistan, China and the Kazakh
enterprise Kazakhstan Electrolysis Plant JSC.
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The Kazakhstan Electrolysis Plant was founded
in 2007 in the southeast of Pavlodar and is also the
only producer of primary aluminum in the country.
To date, the Kazakhstan Electrolysis Plant produces
technical purity aluminum (AI>99.0%) and high
purity aluminum (Al>99.95%). The capacity of the
enterprise is 250 thousand tons of aluminum per
year.

According to the Ministry of Industry and
Infrastructure Development of the Republic of
Kazakhstan, the country is working on the
implementation of a project for the construction of
a new electrolysis plant in the city of Pavlodar, which
is scheduled to be launched in 2025. After its launch,
the processing of alumina in Kazakhstan will be
increased to one million tons per year, followed by
the production of primary aluminum up to 500
thousand tons per year. The finished products are
planned to be delivered to the countries of the
European Union and Asia, as well as to the domestic
market of the country.

At the moment, the Kazakhstan Electrolysis
Plant sends about 90% of finished products to
foreign markets and supplies the remaining 10% to
Kazakhstani enterprises such as Aluminum of
Kazakhstan, Giessenhaus, Alprof, Casting, Tsvetlit,
Gold Aluminum. These enterprises, using primary
aluminum, produce the following types of aluminum
alloys and products from them:

1. The German-Russian enterprise Giessenhaus
LLP, which is located in the Pavlodar region,
produces 36-40 thousand tons of alloyed high-
strength aluminum alloy per year. The alloyed
aluminum produced consists of aluminum, silicon,
magnesium, titanium, and manganese (the specific
production technology of the German parent
company LVG GmbH is closed). The finished alloyed
aluminum alloy is sent to Vector-Pavlodar LLP,
where cast car wheels are produced.

2. Aluminum of Kazakhstan LLP (Hoffmann
Aluminum) produces aluminum alloys of 6060, 6063,
6463, 6082 grades (Almaty). The company produces
16,200 tons of aluminum alloys per year. The plant
has a full production cycle: from loading the charge
into the furnace to the production of finished
products of any complexity. The plant's capacities
are not fully loaded.

3. Casting LLP (Almaty) produces casting and
deformable aluminum alloys of AKSM2 and ADS-12
grades. Enterprise capacity Casting LLP makes 12
thousand tons of aluminum alloys per year.

4. Alprof LLP (Almaty) produces various types of
semi-finished products and products made of
aluminum alloys of AD 31, AD 35, 6060, 6063 grades.

5. Gold Aluminum (Shymkent) manufactures
various profiles from structural aluminum alloy
6063. The plant produces 750 tons of aluminum
profiles per year.

6. Tsvetlit LLP (Shymkent) produces aluminum
wire rods and aluminum alloys. The productive
capacity of the enterprise is 24 thousand tons of wire
rods and 12 tons of alloys.

The aluminum alloys produced at these
enterprises have low and medium strength
characteristics and are intended for the production
of aluminum reinforcement for construction. The
products of these plants are intended for internal
use; these alloys are not in demand in other
countries and do not have export potential.

Kazakhstan exports the following types of
aluminum products, namely heat-resistant, a
corrosion-resistant high-strength aluminum alloy of
Giessenhaus LLP; primary aluminum of technical and
high purity of the enterprise of Kazakhstan
Electrolysis Plant JSC, and alumina of Aluminum
Kazakhstan JSC. The products of these enterprises
are in demand not only in the CIS countries, but in
Germany, Austria, and Poland.

Table 3 shows the comparative prices of
alumina, aluminum, and alloys of construction
fittings produced in Kazakhstan, as well as alloy
1420.

Table 3 - Prices of alumina, aluminum and alloys

Material Price, KZT/kg
Alumina 143-156
Aluminum 450-615
Alloys for 626-1000
construction
fittings
Alloy 1420 1827

As can be seen, alloy 1420 is 2-3 times more
expensive than alloys of the type silumin, duralumin,
avial, and others produced in Kazakhstan.
Aluminum-lithium alloys, including alloy 1420, are in
high demand on the international market. The
development of the 1420 alloy production
technology and its implementation at the factories
of Kazakhstan is an urgent and cost-effective task
since this material is of high processing and high
technology.

The composition of alloy 1420 includes
zirconium, magnesium, and lithium. These alloying
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elements are currently freely available on the
international market in the form of pure metal or
ligature. In the future, it would be possible to use
zirconium and lithium of their own production. On
this issue, the situation is as follows:

1.The Obukhov Mining and Processing Plant
(North Kazakhstan region) produces zirconium
concentrate. Expoengineering LLP  processes
titanium-zirconium ore at the Shokash depositin the
Aktobe region.

2. Primary magnesium in ingots is produced by
Ust-Kamenogorsk Titanium and Magnesium Plant
JSC (Ust-Kamenogorsk) At the moment, 100% of
finished products are exported to countries such as
the USA, Russia, China, and others.

3. According to the representative of "NC
KAZAKH INVEST" - Aitkulov B., it is planned to build
mining and processing plants near lithium deposits
in the East Kazakhstan region, Aktobe, Kostanay, and
West Kazakhstan regions. The cost of the project in
the East Kazakhstan region is estimated at USD102
min., and the production capacity will reach 4
thousand tons of lithium carbonate per vyear.
According to geological research, lithium reserves in
Kazakhstan amount to about 80 thousand tons.
Kazakhstan has every opportunity to implement a

full cycle of lithium production in the coming years
and, consequently, alloys with its use.

Conclusions

There is an increasing demand in the world for
high-strength aluminum-based alloys with strength
characteristics = 415 MPa for promising engineering
tasks. The development of technologies for the
production of the high-strength alloy to develop
exports of domestic finished products to other
countries is relevant. This would allow Kazakhstan to
take a worthy place among manufacturers and
suppliers of competitive aluminum-lithium alloys.
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ANIOMUHUA-NUTUIA KOPbITRAnapbl: Typaepi, Kacuetrepi, KONAaHbINYbI KaHe
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TYWIHAEME

Makanaga KasaKCTaHHbIH, aNtOMUHWUIA ©HEpPKaCIbiHIH, Aamy KaFaalblHa KaHe GepiKTiri )ofapbl

KOHCTPYKUMANDIK ANOMUHUA-TUTUI

KOpbITNanapblH any MYMKIiHAiriHe KpbicKalla wony

KenTipineai. EnimisgiH  KacinopbiHOApbIHAA TEXHUKANbIK Tasa aNlOMUHUA  MEH  KypblabiC

MHAYCTPUACHI YLLIH Ka/inblFa KO/BKETIMAI maTepuangap 60bin TabblnatbiH 6epikTiri TOMEH aHe
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optawwa 6onatbiH 6060, 6063, 6463, 6082, AKSM2, AAC-12, AA-31, A-35 mapKanbl antoMUHUI
KopbITNanapblH eHAipesi. KasakcTaHaa mMallMHa KacayAblH, yAemeni Aamybl Kypin xaTblp, on
ywiH 6epikTiri 300-400 MIMa, an apHaibl MalMHa »Kacay (KopFaHbIC, a3pOoFapbILl KaHe Hacka aa

03blK, cananap) ywid 6epikriri 415 MMa - gaH Kofapbl HEFypP/bIM Bepik KopbiTnanap Kaxer

6onaabl. Xorfapbl 6epikTiri 6ap antomuHMin  Kopbitnanapbl Al-Cu-Mg, Al-Zn-Mg-Cu, Al-Li

KyhenepiHe HerisgenreH. Ocbl KyhenepaiH iwiHAe canbicTbipmansl Typae kaHa Al-Li

KOpbITNanapbl YIKEH Kbi3bIfyLWbINbIK TyAblpadbl, 01apAblH CMNAaTTaMasiapbiH O4aH epi XaKcapTyfa

Y/IKeH aneyeTi 6ap. Al-Li »KyleciHiH KopblTnanapbl PeKOPATbLIK KOfapbl OepiKTiri, KopposusFa

Te3iMAiNiri, LOHEKepNeHreH KOCbINbICTapAblH, aKCbl KepceTKiwTepi 6olMblHWa aspofapbiw

CanacblHAA KEHIHEH KONAAHbINAAbI, OHAA 01ap KyaT 3N1eMEHTTEPi MeH KOPNyCTapAblH eHAipiciHae

KonAaHbliagpl. Xymbicta 6enrini  afloOMUHUA-AUTUIA  KOPbITNanapblHbiH, CUMNaTTamanapbiHa,

COHAait-aK 0n1apAabl OHAIPYAIH, HEri3ri TEXHONOTUANBIK Ke3eHAepiHe WOy Kacanaabl.

TyWiH ce3aep: KOPbITNa, aMIOMUHUIA, IMTUIA, MarHUin, LMPKOHWUIA, 6epiKTiK, TEXHONOTUA.
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ABSTRACT

The article presents the results of experimental studies of a composite material obtained on the
basis of liquid glass and mineral fillers of technogenic origin. The structure of the composite
material is formed by porous granules bonded with a liquid-glass matrix. The porous filler is
synthesized from a mixture of liquid glass and combined filler (cullet, flake overburden, coal mining
waste, and ash microsphere). Regulation of composition and content of the filler in the raw
mixture ensures porous granules production with a bulk density of 270 — 330 kg/m?3. Analysis of
mathematical models reflecting the dependence of the density and strength of the composite
material on the composition of the moulding mixture allowed us to establish a reasonable ratio
between the liquid glass and the filler, the matrix, and the porous filler. Optimal proportions of the
composite material are characterized by a density of 450 — 600 kg/m3and compressive strength of
at least 5.5 MPa. Strong adhesion of the liquid-glass matrix to the surface of the porous filler
ensures the resistance of the composite material to diverse effects. The structure of the materials
was studied by electron microscopy. The development of composite material is aimed at
improving the energy efficiency of construction.
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Introduction

modification of raw materials, and improvement of
moulding sand composition.

The energy efficiency of construction is largely

ensured by the use of composite materials with a

porous structure.

concretes are extensive raw material base, a variety
of products and their cost-effectiveness. However,
the porous structure of cellular concrete is unstable,
which often leads to a decrease in the strength and
heat-shielding performance of products. This limits
cellular concretes’ application [[1], [2], [3], [4]].
Lightweight concretes based on porous fillers

The advantages of cellular

The structure of composite materials consists of
a matrix and a discrete component distributed in the
matrix. The block of hardened binder serves as a
matrix in light concretes, the discrete component is
represented by grains of porous filler. Thermal and
properties  of
concrete depend on the characteristics of porous

physicomechanical lightweight

filler and a matrix. The matrix connects the filler
particles into a monolith and provides uniform

are promising composite materials for energy-
efficient construction [[5], [6], [7], [8], [9]]. Porous
filler is a dominant component, which makes up to
80% of concrete’s mass. Structural characteristics of
porous filler affect the structure of composite
determine  thermal and

materials, and

physicomechanical properties of lightweight

concretes. The development of effective porous
associated with the

concrete technology is

distribution of stresses throughout the volume of
the material. Types of cement are mainly used as a
matrix of lightweight concretes.

Liquid glass is an aqueous solution of alkaline
(often sodium) silicates. Liquid glass is characterized
by chemical activity and has a high adhesive ability.
The rheological properties of liquid glass are
regulated by additives and thermal effects. The

formation of a highly porous structure of liquid glass
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is carried out by swelling, which is accompanied by
The
introduction of powdered filler into liquid glass can

the formation of cells of various sizes.

change the nature of swelling. Filled liquid glass
compositions serve as a binder for moulding sand to
produce porous filler.
of the
indicates the creation of effective porous products

Analysis last year’s achievements
based on liquid glass. The technology of granular
foam-glass-ceramic materials from industrial waste
is being actively developed. Thermal power
engineering waste, waste from ores mining and
processing, and metallurgical slags are used to
obtain porous fillers [[10], [11], [12], [13], [14], [15],
[16], [17], [18], [19], [20]]. A

developments are devoted to highly porous granular

number of

materials based on the thermal swelling of liquid
glass [[14], [15], [18], [19]]. Polarization of liquid
glass composites is carried out mainly by swelling.
The
compositions’ technological state is of importance

choice of fillers, aimed at optimizing
for the development of effective liquid glass
materials. Information about lightweight concretes
obtained on the basis of liquid glass is scarce.

The aim of the research is to study composite
materials with porous filler; their main component is

sodium liquid glass.

Experimental part

The object of the study is composite materials
based on liquid glass, of which both components of
lightweight concrete were synthesized.

Sodium liquid glass (Na>0O-mSiO, + mH>0) — an
aqueous solution of sodium silicate with a density of
1430 kg/m3 was used in the experiments. Liquid
glass provides binding of components powdered and
promotes the thermal expansion of the raw mass.

Materials of various origins were introduced into
the liquid glass as filler.

A finely ground cullet of quartz glass (cullet) is
fragments of sheet and container glass. The basis of
technogenic glass is amorphous silica. Chemical
composition of cullet, wt. % as follows: SiO; —74;
Al,03—4; Fe;05—2; CaO - 6; MgO —1; R,0 —13.

Flask sedimentary rock is the overburden during
mining. The flask rock is predominantly composed of

amorphous opal and includes cristobalite, tridymite,

and admixtures of clay minerals. Chemical
composition, wt. % as follows: SiO,— 81; Al,O3
—5; Fe;05—2; Ca0 - 2; Mg0O - 1; R,0 —1. oth. - 7.
Overburdened rocks of the coal basin are coal
The

represented by quartz, kaolinite, pyrite, and siderite;

mining waste. mineral composition s
there are feldspars, montmorillonite, anhydrite, and
calcite. Chemical composition of overburden rocks,
wt %: SiO, — 65; Al,03 — 10; Fe,0; —7; CaO - 3; MgO
-1;S-3;C-6; oth.-5.

Ash microsphere is a loose material consisting of
hollow spherical particles with a diameter of
100 — 350 microns. It is formed as a light fraction of
ash from the combustion of solid fuels. The bulk
density is 400 kg/m3. Chemical composition, %: SiO,
— 83; Al,05— 5; Fe;03—2; CaO - 10.

Moulding compounds were prepared from
liquid glass binder and porous filler was developed.
The porous filler was synthesized by thermal
treatment of the granular material. Granules were
moulded on a laboratory drum pelletizer from a
mixture of liquid glass and mineral filler.

Discussion of results

The combination of fillers of different
proportions makes it possible to control the viscous
and plastic properties of liquid glass and determines
the nature of the thermal swelling of the granules.
Regulation of the content and composition of the
mineral filler affects the temperature of swelling and
properties of granular material (Table 1).

Porous granules with a diameter of 6 — 10 mm
are characterized by a porosity of 75 — 80%. The
porosity of granules fired at 750°C is represented by
swelling cells. In granules fired at 350°C, the porous
structure is formed by microsphere cavities and
swelling cells in the liquid glass component. The
efficiency of liquid glass granules is determined by
improved thermal performance.

Calculations show that in order to provide
thermal resistance of 3.3 (m?°C)/W, the heat-
insulating layer of liquid glass granules (thermal
conductivity coefficient is 0.06 W/(m™°C)) should be
20 cm; and the expanded clay layer (thermal

conductivity coefficient is 0.09 W/(m -°C)) is 36 cm.
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Table 1 - Characteristics of the raw mixture and porous granules based on it

Composition of filler in the raw mix, % Swelling Bulk
. . Structure of the
cullet flask rock coal mining ash temperature, density, granules
waste microsphere oC kg/m3
50 20 30 - 750 270
- - 60 40 350 330

Picture 1 — Granules grouting by the matrix and porous matrix

Porous liquid glass filler forms the basis of
lightweight concretes’ structure. A liquid glass
binder was used to connect porous filler grains.
Preference of liquid glass binder as a matrix for a
composite material is due to the high binding ability
of liquid glass;
properties of moulding sand; and reliability of

ability to control rheological
adhesion with filler particles having a related origin
with the matrix.

A liquid glass binder was obtained by mixing
liquid glass with filler, which was used as a substance
of various origins. The materials investigated are
conditionally divided into the following groups. The
first group is formed by materials, the firing of which
is accompanied by dehydration and the formation of
water vapour (clay, flask, bauxite, expanded clay
dust, volcanic glass). Fillers of the second group
contain minerals (pyrite, calcite, dolomite), which
emit a gas phase during thermal transformations.
Fillers of the third group (oil shale, wood flour, coal-

bearing rocks, ash from coal combustion, expanded
clay dust) contained a burnable component.

Liquid glass binders containing 40 — 45%
additives of the first and third groups are evenly
distributed between the filler grains and provide the
necessary viscosity of moulding mass. Binding
compositions with first group fillers form thin shells
around porous filler grains. This ensures the
minimization of the matrix in the lightweight
concrete structure (Figure 1). Binding compositions
with 30 — 35% fillers from all groups exhibit the
ability to swell at 200 — 300°C.

Moulding sands were prepared in the following
order: liquid glass was mixed with filler
(overburdened rocks of the coal basin); granular
filler was introduced into the resulting liquid glass
suspension. Moulding sand of moderate mobility
was placed in cube moulds with a 70 mm edge. To
accelerate hardening and ensure water resistance,
the samples were subjected to heat at 250°C for 40
min. The strength of samples of composite materials
was determined by testing on a hydraulic press.
Electron microscopy was used to study the
composition of composite materials structure.
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As a result of preliminary experiments,
approximate ratios between the porous filler and
the liquid glass binder were determined, which
ensures low-density composite materials
production. The mathematical planning method was
used to optimize the composition of moulding mass.
The conditions of the experiment are shown in Table
2. The moulding sands consisted of pellets fired at
350°C; liquid glass and filler were from coal mining
waste. The following factors were taken as the
factors studied: the proportion of grains of coarse
filler fraction; the ratio between the liquid glass and
the filler. Coarse filler is represented by grains 9—10
mm in size, fine filler consisted of grains 6
—7 mm in size.

The planning matrix and the results of the
experiment are shown in Table 3.

Table 2 — Conditions of the experiment

After statistical processing of experimental data,
mathematical models were obtained.

Mathematical model reflecting dependence of
composite materials’ density, p (kg/m3), on the
studied factors as follows:

p =635.857 —0.377-x;+0.107-x,%2— 475.13-x+
+2.708:%,2=1.920X1°Xa. (1)

A geometric illustration of the function is shown
in Figure 2.

The dependence of composite materials’
strength (R, MPa) on the composition of the
moulding material is obtained in the form of a
regression equation of the full quadratic model:

R=5.857 + 0.145-x;— 0.002-x1%— 3.68 X+
+22.370-X,2— 0.140-X1X». (2)

A geometric illustration of the function is

shown in Figure 3.

Figure 2— Response surface of the dependence of
composite materials’ density on moulding mass’
composition

Factors Levels of variation
Natural Encoded -1.41 -1 0 +1 +1.41
Share of coarse filler fraction, % 0.0 14.5 50.0 85.5 100.0
Liquid glass / Filler 0.55 0.59 0.70 0.81 0.85
Table 3 — Mathematical planning of the experiment
Share of coarse filler Liquid glass Density, Compressive
Factors researched fraction, % ‘ Filljr kg/m; stren:th, MPa
X1 X2 X1 X2 p R

1 -1 -1 14.5 0.59 650 6.42
2 +1 -1 85.5 0.59 615 5.84
3 -1 +1 14.5 0.81 485 4.96
4 +1 +1 85.5 0.81 420 4.16
5 -1.41 0 0.0 0.70 570 5.17
6 +1.41 0 100.0 0.70 510 4.05
7 0 -1.41 50.0 0.55 680 6.20
8 0 +1.41 50.0 0.85 480 4.10
9 0 0 50.0 0.70 505 4.87
10 0 0 50.0 0.70 500 493

— b

[ <540 B <55

B - 540 E :jg

Bl < 440 — Py

Figure 3 — Response surface of the dependence of
composite materials’ compressive strength on
moulding mass’ composition
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Figure 5 — Composite material
sample before testing

Figure 6 — The nature of destruction of
the composite material during the

Figure 7—- Fragment of a chip of
composite material’s sample

strength test

The obtained mathematical models indicate that
the ratio between liquid glass and filler has a decisive
influence on the density of composite materials. An
increase in the proportion of filler increases the
density of composite materials. The influence of the
fractional composition of the filler is less significant
and is expressed in a decrease in density of the
composite as coarse grains of the filler increase. An
increase in the strength of composite materials is
facilitated by an increase in the proportion of coarse
filler, limiting the content of the binder in the
moulding sand.

The analysis of mathematical dependences
makes it possible to single out the range of
compositions of composite materials with density
values of not more than 600 kg/m3. This is ensured
when the content of the coarse filler is not less than
20%, and the ratio of liquid glass to filler is not less
than 0.65. Requirements for strength indicators of
composite materials (not less than 5.5 MPa) thin the
area of preferred mixes of composite materials: the
proportion of coarse filler is 50 — 80%, the ratio
between the binder and the filler is 0.65 — 0.75.

The results of the mathematical model analysis

are consistent with the conclusions of numerical
studies of the packing of filler in a composite
material. A comparison of various porous filler
packing schemes showed that the minimum stress
and deformation in a composite material are typical
for a two-component model that contains 60 — 70%
porous filler granules. At the same time, the
proportion of large grains in the filler composition is
50 -60%

The study of the contact zone between the
matrix and the surface of the porous filler indicates
a close contact of the components (Figure 4). The
nature of the destruction of the samples during the
strength test confirms the high adhesion strength of
the filler and the block of the liquid glass binder
(Figures 5 and 6). The fracture of the samples occurs
along the binder block and along the filler grain
(Figure 7).

In terms of physical and mechanical parameters,
liquid glass composite materials are not inferior to
cement lightweight of comparable
density. Test results testify to the resistance of
composite materials under conditions of variable
values of humidity and temperature.

concretes
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Conclusions

Proportions of the composite material based on
liquid glass are proposed. The matrix and porous
granules of composite materials are synthesized
from mixtures of liquid glass and mineral fillers of
technogenic origin.

Polarization of liquid glass granules is provided
by thermal expansion and the presence of a hollow
microsphere.

The range of proportions of the composite
material, characterized by a density of 450 — 600
kg/m3 and compressive strength of at least 5.5 MPa,
has been determined. Composite material’s
proportions with a binder-filler ratio of 0.25 — 0.40

are preferable when large particles of the filler
dominate.

Genetic similarity of the raw basis of the matrix
and porous granules ensures the reliability of the
adhesion of the components and the high technical
properties of the composite material.
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CyMblIK LWbIHbI HeTi3iHAeri KeyeKTi KOMNo3nuuanbiK matepuan

Mupiok O.A.

PyAHbIN MHAYCTPUANBIK MHCTUTYTbI, PyaHbIN, KasakcTaH

TYWIHAEME

MaKanaga cyiblK LblHbI }XaHe TEXHOreHAIK TeKTI MMHepanabl TONTbIPFbILLTAP Heri3iHAe anblHFaH

KOMNO3NUUANDBIK MaTepuandblH, 3SKCNepumeHTanapl
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nOpM3OBaHHbIVI KOM"OBMLI,MOHHbIﬁ MmaTepuaan Ha OCHOBe XXUAKOTro CTeKNa

Mupiok O.A.

PyAHEHCKUIA MHAYCTPMaNbHbIA MHCTUTYT, PyaHbIi, KasaxcTtaH

AHHOTALUMUA

B cTaTbe npuBefeHbl pPe3ynbTaTbl 3KCMEPUMEHTAsIbHbIX WCCAEA0BaHUI  KOMMO3ULMOHHOIO
mMaTepuana, MONYYEHHOTO Ha OCHOBE YXMAKOTO CTEKNA M MWHEPAsbHbIX HamoAHWUTenen
TEXHOrEeHHOro npoucxoxaeHus. CTPyKTypa KOMMO3WLUMOHHOTO Matepuana chopmuposaHa
MOPUCTBLIMU FPaHYAAMM, CKPENNEHHbIMW XUAKOCTEKOAbHON MaTpuLeit. MopucTbiii 3anoaHUTeNb
CMHTE3MPOBAH M3 CMECU XKUAKOTO CTEKNA U KOMBMHMPOBAHHOTO HAaMONHUTENSA (CTEKO/BHBIV 60W,
OMOKOBasA BCKPbILWHAA NopoAa, oTxoAbl fobbluv yras, 301bHas muKpocdepa). PeryavposaHue

Moctynuna: 21 aHeaps 2022 COCTaBa M CoAep)aHWA HanoAHWUTENA B CbIpbeBON cmecu obecneymBaeT NosydeHue NOPUCTbIX
PeueH3nposaHue: 24 mapma 2022 rpaHyn C HacbiNnHOM naoTHocTbio 270 — 330 Kr/m3. AHanM3 MaTemaTUYecKMX Mopenew,
MpuHATa B Nneyvatb: 27 anpens 2022 OTParKatoLWwmMX 3aBUCUMOCTb NAOTHOCTU U MPOYHOCTU KOMMO3ULMOHHOIO MaTepuana oT COCTaBa

$bOpMOBOYHOIN CcMecKu, NO3BONINA YCTAaHOBUTb PaLMOHA/IbHBIE COOTHOLIEHUA MEXAY XUAKUM
CTEKNIOM W Hano/sHUTeNem, MaTpuuein M NopucTbiM 3anonHuTenem. ONTUManbHble COCTaBbI
KOMMO3ULIMOHHOrO MaTepmnana xapakrepusytoTcs NNOTHOCTbIO 450 — 600 Kr/M3 M MPOYHOCTbIO NpK
cKatTMM He meHee 5,5 MIMa. MpoyHoe cuenneHne }KUAKOCTEKONbHOW MAaTpMLbl C NOBEPXHOCTLIO
NopuCTOro 3anonHuTena obecneymBaeT CTOMKOCTb KOMMO3ULMOHHOTO MaTepuana K pas/iMyHbiMm
Bo3ZeicTBuAM. CTPYKTypy MaTtepuasoB ucciefoBasv MeTOAOM 3N1eKTPOHHOM MWMKPOCKONUW.
PaspaboTka KOMNO3MLMOHHOTO MaTepuasna HanpaBneHa Ha MOBbIWeHWe  3HepreTUyecKomn
3¢ PeKTUBHOCTU CTPOUTENBCTBA.

Kntoyesbie €108a: KOMMNO3ULMOHHBIA MaTepuas, KUAKOE CTEKNO, TEXHOTEHHbIA HaNONHUTEND,
NopUCTbIE FPaHy/bl, Nerkuii 6eToH.
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ABSTRACT

Pyro-metallurgy of copper production is characterized by the output of copper slag, which is
regarded as a kind of solid waste. Moreover, this slag is identified as hazardous because it contains
impurities, like Pb, As, and Cu. Obtaining dump slags in autogenous processes does not always
meet the requirements of effective technologies, most often slags contain more than 1.0% of copper
and need to be depleted. This work is presented a brief analysis of existing technologies used for
copper slag depletion. The analysis of the existing technologies for the depletion of autogenous
smelting dump slags showed that the most promising option seems to be the depletion of copper
slags in one PV unit since by improving the process itself, by changing the unit design, it is possible
to achieve technologically complete production of matte and dump slag with low copper content.
There were proposed two technologies of improvement: electro-heating of slag siphon using the
graphite electrodes and depletion process in two-zone PV furnace.

Keywords: Copper slag, reduction treatment, depletion, slag siphon, two-zone Vanyukov furnace.
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Introduction

Comparative analysis of technical indicators of

depletion (for example, an electric furnace with
several high-power units). The first option is
expedient, promising, and economically viable.
Improvement of the melting process on matte and

autogenous processes indicates that slags require
several measures to deplete them. For example, in
the Norand process, the copper content in slags can
reach 15%, KFP - 1.2%, KVP - 1-1.5%, Ausmelt - 0.8-
1.0%, Mitsubishi - 0.5%, PV - 0.5-0.6%. The best
indicators for dump slags are possible in the
Mitsubishi and PV processes, however, a significant
deterioration in the composition of concentrates in
recent years leads to a violation of the technology
and the production of copper-rich slags [[1], [2], [3],
[4], [5], [6], [7]]. Slag depletion technologies have
two main directions: the improvement of matte
smelting itself with the production of dump slags
and the use of separate units that allow slag

the design of the furnace will make it possible to
achieve the most significant results in slag depletion
(81, [91].

Carrying out autogenous smelting of copper raw
materials is closely related to the solution of slag
depletion issues, which involves the implementation
of the following conditions: obtaining a minimum
amount of slag with low copper content, while the
maximum should be fluidity, slag surface tension,
minimum slag density, optimal silicon dioxide
content, optimal temperature conditions for the
separation of matte and slag [[10], [11], [12]].
Temperature conditions, maintenance of thermal
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balance due to oxidation of iron sulfides, control of
moisture, and silicon oxide in concentrates are of
exceptional importance for autogenous smelting. In
a certain situation, to maintain the heat balance of
the furnace, it is possible, and sometimes necessary,
to use additional fuel, for example, natural gas, fuel
oil, or coal [[13], [14]].

To compensate for the unsatisfactory heat
balance, the insufficient temperature of the melt at
the outlet of the furnace, and additional
precipitation of the matte phase from the slag melt,
it is very important to improve the operation of slag
electric mixers on PV furnaces. Analysis of the
influence of various factors on the PV process
showed that all of them are of decisive importance
for the efficient course of the smelting process, the
main of which are indicators for the composition of
dump slags, which determine the technical and
economic characteristics of the entire technology
([14], [15]].

Method

The samples of the slags were obtained from the
Vanyukov furnace in Balkhash Copper-Smelting
Plant. These samples were analyzed by chemical and
X-ray fluorescence analysis. X-ray fluorescence
multi-element automated analysis was carried out
on a wave-dispersive combined spectrometer Axios.

To simulate the oxidation zone of a two-zone PV
furnace the slag was heated to a temperature of
1300 °Cinthe presence of areducing agent, then the
melt was kept for 1 hour. The consumption of coal
was calculated as 2.5 g per 100 g of slag.

Results and discussion

Analysis of existing technologies for copper
slag depletion

Depletion of slags when using a technology
separate from smelting is possible using various
processes such as pyro, hydro, and a combination of
pyro-hydrometallurgical methods for metal
recovery from copper slag [16]. One of the most
promising is the reduction methods using
electrothermal furnaces with various methods of
supplying the reducing agent. Solid (coke, coal) and
gaseous (coal-air mixture, natural and generator
gas) substances are used as reducing agents. In
world practice, separate or combined with a melting
unit electrothermal furnaces, furnaces with a
reducing bubbling using coal, natural, or generator
gas are most often used [17]. There are known

examples of slag depletion in the presence of pyrite,
pyrrhotite, calcium sulfide, and cast iron [18]. It is
possible to use turbulent mixing of a superheated
slag melt for purification from copper with the
introduction of CaC; into the process as a reducing
agent [19]. The effect of an electric field on a slag
melt was studied in [20]. It was found that there is a
3-fold increase in the deposition rate of copper
drops with a diameter of 5 mm. It is noted that with
an increase in the size of the metalized droplet or
with an increase in the Cu,0 content in the slag, the
effect of the electric field decreases.

Methods of depletion of slags from copper
production using sulfide reagents are seldom used
due to environmental pollution with sulfur dioxide
and to reduce the number of waste slags.
Environmentally friendly methods are
hydrometallurgical, in particular, the most common

and industrially implemented is flotation, which
includes the preparation of slag by crushing and
grinding in several stages, flotation together with
ore material (or separate for slag) to obtain sulfide
copper concentrate suitable for smelting on matte
[21]. This method assumes the availability of the
necessary flotation capacity at the concentrator. The
disadvantages of such technologies are the relatively
low extraction of copper into concentrate and the
low quality of these concentrates themselves.
Moreover, copper slag wastes after floatation
treatment, still contain heavy metals with hazardous
properties posing environmental risks, so they
needed further utilization [22].

A method has been developed for the depletion
of copper slag by leaching using various solvents
such as sulfuric acid, hydrochloric acid, ammonia,
cyanide, etc. [[23], [24], [25], [26]]. An intensification
of the process of leaching of copper slags with the
addition of hydrogen peroxide under pressure, as
well as with the use of chlorine, has been proposed
[[27], [28]]. Improvement of matte smelting itself
with the production of dump is more expedient,
promising, and economically viable and an
additional increase in the slag settling zone, in which
depletion occurs with the introduction of a reducing
agent, is the most promising direction.

Improvement of slag siphon

The slag siphon structurally is a continuation of
the melting zone of the PV, adjacent to the outer
part of the slag partition, and in solving the problem
of depletion of the slag PV and obtaining the waste
slag is of great importance. Improving the operation
of the PV slag siphon is expected to take several

— 94 ——
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Picture 1 - Layout of electrodes in a slag siphon

measures that will affect the processing of copper
sulfide concentrates, improve the technical and
economic indicators of the process, increase copper
recovery, significantly reduce its losses with slag,
and eliminate disturbances in the normal operation
of PV furnaces. The stable operation of the slag
siphon of the PV furnace is often disturbed by
deposition processes, which is also facilitated by
changes in the composition of the charge, for
example, an increase in the content of zinc in
concentrates. The continuous discharge of slag from
the PV furnace into the electric mixer prevents the
formation of build-ups, which are the result of the
absence of horizontal movement of the melt and
local peroxidation of the melt in the bubbling zones.
In the slag siphon, it is necessary to create a regime
of free movement of the melt, the possibility of
sedimentation of copper sulfide particles, which is
possible at a certain temperature regime, the
creation of a reducing atmosphere, and the optimal
composition of the slag.

A variant is proposed using three graphite
electrodes with a diameter of 300 mm and a
transformer similar to that used for a slag mixer. The
use of electric heating of the slag siphon will allow,
when the temperature of the melt in the slag siphon
reaches at least 1300 °C, to ensure sufficiently

complete separation of slag and matte. The
electrodes in the siphon will operate at a relatively
constant level of the slag melt with a uniform flow of
slag through the slag siphon, which will provide
optimal conditions for additional heating of the slag
and the most complete separation of the matte
phase from the slag and prevention of build-up in
the siphon (Picture 1).

Additional heating of the slag in the slag siphon
will reduce the power consumption in the slag mixer
to maintain the melt temperature at least 1300 °C.
The use of graphite electrodes with a diameter of
300 mm will allow for maintaining the existing width
of the slag siphon.

Depletion in a 2-zone furnace

This process would be possible by dividing the
reaction zone of the furnace into two zones oxidizing
and reducing using a water-cooled partition. Slag
samples were obtained from the Vanyukov furnace
and their content is shown in Table 1.

Activated carbon was used as a reducing agent
with the following content wt. %: 74.3 C, 0.16 S,
0.025 P, 1.12 Fe, 0.93 SiO,, 1.56 Al,03; melting
1300 °C. The
treatment was carried out on a laboratory scale.

temperature was - reduction

The slag was heated to a temperature of 1300 °C
in the presence of a reducing agent, then the melt
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Table 1 - Content of main components in slag before/after reduction treatment

Slag content, %
No of test Before treatment After treatment
Cu SiO: Fes04 Cu SiO2 Fes0a
11 0.93 32.05 7.80 0.43 33.1 2.5
12 0.97 31.90 7.90 0.47 32.9 2.6
13 1.033 31.30 7.95 0.50 32.9 2.6

was kept for 1 hour. The consumption of coal was
calculated as 2.5 g per 100 g of slag. At the end of
the reduction process - slag and the bottom phase
were obtained. The bottom phase had a similar
composition to the matte obtained during smelting
in a PV furnace.

Table 1 also shows the results of reduction
processing, and it's seen that during the melting
process the destruction of magnetite took place, its
content had dropped by 5.3-6.5 % from 7.8 -7.95%
to 2.5-2.6%, and this consequently had a positive
effect on prevention of copper losses with slags. The
presented results of analysis of slag samples after
interaction with activated carbon indicate a
decrease in copper content in the range of 0.43-
0.50%, in comparison with its content in slags before
reduction treatment in the range of 0.93-1.03%.
Such a decrease in the copper content is associated
with the process of destruction of magnetite, and
the transition of iron oxides to fayalite.

Conclusion

All the proposed solutions for slag depletion, for
the implementation of which industrial installations
of operating units are required, occupying vast
territories, consuming significant material and
energy resources, are economically and ecologically
unprofitable. The most promising option seems to

be the option of depletion of copper slag in one PV
unit since by improving the process itself, by
changing the unit design, it is possible to achieve a
technologically complete production of matte and
dump slag with low copper content. The use of
graphite electrodes for additional heating of the slag
in the slag siphon will reduce the power
consumption in the electrical mixer and at the same
time will allow maintaining the existing width of the
slag siphon. On the other hand, in comparison with
similar developments, the proposed technology for
melting copper sulfide concentrates in a two-zone
PV furnace will make it possible to obtain slags with
a copper content of 0.7% or less, with minimal costs
for equipment reconstruction.
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TYRIHAEME

MbIC ©HApPICIHIH NMPOMETaNNYpruAachl KaTTbl KanAplKTapFa KaTaTblH MbIC  KOMAAPbIHbIH,
6eniHyimeH cvnatTanagbl. CoHbIMEH KaTap, Byn KoX KayinTi 60abin caHanagpbl, 6UTKEHI OHbIH,
KypambiHaa Pb, As xaHe Cu cuAaKTbl Kocnanap 6ap. ABToreHAik npouecrepae YHiHAi KoXKAapbIH
any sapAanbiM TUIMAI TexHonoruanapAblH, TananTtapbiHa Calikec Kenmengi, KebiHece Koxpap
KypambiHaa 1,0% - gaH actam mbic 6ap KaHe onapabl KyTaHAATy KaxeT. byn »KymbicTa mbic
KOMAAPbIH a3alTy YWiH KONAQHbINATbIH KONAQHbICTaFbl TEXHOMOrMANAPFa KbiCKalla Tangay
6epinreH. AsToreHai 6ankbITyAblH,  YWAIHAI  KOXAAPbIH  KYTaHAATYAbIH  KOAJAHbICTafbl
TEXHONOTMANAPbIH TaNAay HITUMKECIHAE eH NepcneKkT1Banbl HycKa MB-HbIH Bip arperaTbiHAa MbIC
KOMAAPbIH YKYTaHAATy eKeHAiri aHbIKTanApl, eMTKeHi NPOLECTiH, ©3iH XaKcapTy, KOHAbIPFbIHbIH
[V3aliHbIH ©3repTy apKblbl TEXHONOMMANBIK TYPFbIAAH aAKTaNAFaH, WTENH MEH MbICTbIH, MesLepi
a3 6onaTtblH YHiHAIHI eHAipyre KON »KeTkisyre 60naabl. FyMbICTa XKeTingipinreH eki TexHonorus
YCbIHbINFaH, 01ap: KOX CMOHbBIH rpaduT 3NEKTPOATAP apKbl/ibl SNEKTP TOTBIMEH KbI/IbITY }KaHE eKi
alimakTbIk MB newiHae *KyTaHAaTy NPOLEC.

Tyiiin ce30ep: MbIC KOXbI, KannblHa KENTIpY, CApKbly, KOX CUPOHbI, BaHIOKOBTbIH, €Ki aiMaKTbIK,
nei.

KeHxcanuee baz0aynem Keuxcanuesuy

Aemopnap mypanel aknapam:
T.F.0.., «Memannypaus #aHe KeH 6alieimy uHcmumymeol» AK - HelH 6ac dupekmopel, Aamamel,
KazakcmaH. Email: bagdaulet_k@satbayev.university; ORCID ID: 0000-0003-1474-8354

KeamkoecKuii Cepzeli Apkadbesuy

T.F.0.., «Memannypaus #aHe KeH b6alisimy uHcmumymoi» AK, 3epmxaHa meHzepyuwici, Aamamel,
KazakcmaH. Email: Email: s.kvyatkovskiy@satbayev.university; ORCID ID: 0000-0002-9686-8642

Arocebekosa Mapan AdenvbeKkosHa

T.F. Mazucmpi, «Memannypaus 1aHe KeH balieimy uHcmumymel» AK, Kilwi folaeiMu Kbi3Mmemkep,
Anmamel, KasakecmaH. Email: m.dyussebekova@satbayev.university; ORCID ID: 0000-0002-4359-
9784

CemeHosa AHacmacus CepzeesHa

T.F. mazucmpi, «Memannypaus *aHe KeH 6alieimy uHcmumymel» AK, xcemeKwi uH1ceHep,
Anamamel, KazakcmaH. E-mail: a.semenova@satbayev.university; ORCID ID: 0000-0003-4054-8268

Auduk Hypxaduaumo

W.F. 0okmopei, Jlekmop, NHxceHepus hakynememi, [xoKeakapma memaekemmik
yHusepcumemi, MHdoHe3uAa. E-mail: didiknur@uny.ac.id; ORCID 1D:0000-0003-0643-0776

AHanu3 cyLwecTBYIOWMX TEXHONOINA 06egHEeHMA OTBa/IbHbIX LUNAKOB

aBTOreHHOM N/1aBKU
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AHHOTAUMUA

MupomeTtannyprua MeAHOro MNPOM3BOACTBA XapaKTEPU3YeTCA BbIXOAOM MeAHbIX LUIAKOB,
KOTOpble OTHOCAT K TBepAblMm OoTxoaam. Kpome TOro, sTOT WAAK CYUTAETCA OMACHbIM, TaK Kak
COAEPKUT Takue npumecu, Kak Pb, As u Cu. MonyyeHue OTBa/IbHbIX LWNAKOB B aBTOTEHHbIX
npoueccax He Bcerga CooTBeTcTByeT TpeboBaHUAM 3OPEKTUBHbBIX TEXHONOTUIA, YaLlle BCErO LUNAKK
cogep»kat 6onee 1,0% meam n HyxaatoTca B obegHeHMU. B gaHHOM paboTe npeacTaBaeH KpaTKuit
aHaNU3 CyLLEeCTBYIOLWMUX TEXHONOTUIM, UCNONb3YEMbIX ANA 0beAHEeHUA MeAHbIX Waakos. AHanu3
CYLLECTBYIOLMNX TEXHONOTUI 0BefHEHUA OTBa/ibHbIX LUJIAKOB aBTOreHHOW M/1IaBKM NOKasan, uTto
Hanbonee NepcneKkTMBHbIM BapnaHTOM ABAAETCA obegHeHMEe MeHbIX LWIAKoB B OAHOM arperate
MB, TaK Kak NyTem COBEpPLUEHCTBOBAHUA CaMOro NpoLecca, MU3SMeHeHMEeM KOHCTPYKUMK arperaTa
MOHO [,06UTbCA TEXHONOTMYECKM 3aBEPLUEHHOTO NMPOM3BOACTBA LTEMHA M OTBA/IbHOTO LU/IAKA C
HU3KMM  copeprkaHnem megn. [peanokeHol ABe  TEXHONOTMW  COBEPLUEHCTBOBAHMA:
3N1eKTPo06Orpes LWNAKOBOTO cUPOHA rpaduUTOBLIMM 3NEKTPOJAMM M Npouecc obeaHeHUs B
ABYX30HHOM neuu MMB.

KnioueBble cnoBa: MegHblii LWAaK, BOCCTaHOBUTesNbHas o06bpaboTka, obeaHeHWe, LWNaKoBbIM
cndoH, ABYX30HHaA neyb BaHioKkoBa.
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ABSTRACT

The article presents studies of the use of plasticizing additives in combination with fine aggregate
(microsilica) and CaOH quicklime for the production of foam concrete. The research will determine
the effect of plasticizing additives and active fillers on the properties of foam concrete during their
production. The main issue in the production of foam concrete is the time of setting, as their increase
leads to shrinkage of foam concrete mixture and as a consequence of the uneven structure of the
material. Therefore, the use of plasticizer additives in the production of foam concrete is not
recommended. Plasticizer, as a surface-active substance, increases the setting time of the cement
binder. However, examining the features of micro silica in combination with caustic lime and
plasticizer was found to reduce the time setting. Laboratory studies have shown that the use of these
components will produce foam concrete with the projected density, with a uniformly distributed
pore structure, high strength, and frost resistance. According to the results of the study, the influence
of the number of additives components on the qualitative characteristics of foam concrete was
determined, and the optimal composition of the components, plasticizer additives, micro silica, and
caustic lime was selected.

Keywords: Concrete maturity, surface strength, shock-pulse method, operational control, sensor.
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Introduction

material, allowing the expansion of the field of their
application. The use of additives to improve the

Construction refers to one of the important
areas of industry, so the solution of the issues
related to the creation of new or upgraded effective
building materials becomes a fundamental factor in
its development [1]. In this regard, the most
important task is to develop new building materials
with improved performance properties [2].

One of the directions for obtaining effective
building materials is the use of additives modifiers,
which significantly improve the properties of the

physical and mechanical properties of building
materials is common practice in modern urban
planning [3]. To develop modifier additives both
quality raw materials and industrial wastes are used,
which is also quite effective. Today, specialized
concrete additives used both in industrial-scale
production of concrete mixture and in the order of
individual construction are in great demand in the
market [4]. The use of additives modifiers in
concrete is a standard measure, but their use in
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cellular concrete is not always justified, because
with the receipt of certain qualitative characteristics
are often lost other, not insignificant indicators. For
example, the use of plasticizers and hydrophobic
additives increases strength and reduces water
absorption, but has a negative effect on increasing
the setting time of the mortar, which leads to
shrinkage and the development of uneven density
[5].

When studying cellular concrete, they should be
divided into two types foam concrete and aerated
concrete. The main distinguishing characteristic of
foam concrete and aerated concrete is the
technology of obtaining the pore structure. Gas
concrete is obtained through the use of gas-forming
additives, such as aluminum powder and hydrogen
peroxide technical [6]. In the process of chemical
reaction, gas is released, which contributes to the
swelling of the gas concrete solution, due to which a
communicating pore structure of gas concrete is
formed. The use of modifier additives increases the
time of setting, which negatively affects the
structure formation of aerated concrete mortar.
Foamed by gas-forming additives solution should
hold the structure until the end of the process of
setting, otherwise, if the solution does not have time
to set (as a consequence of this may serve
plasticizers  and hydrophobizing  additives,
containing in their composition surfactants),
shrinkage of the material and violation of geometric
parameters and structural characteristics occur [7].
Foam concrete is also a cellular concrete, the
distinguishing feature from aerated concrete is the
process of formation of the pore structure. To obtain
the pore structure of foam concrete, a blowing agent
is used, from which quality foam of the required
multiplicity is obtained [8]. The foam is then injected
into the mortar and swells it. The foamed mortar
acquires a cellular structure with closed pores [9]. As
with aerated concrete, the main problem is to
increase the setting time, so the use of plasticizers
and hydrophobic additives becomes impossible [10].

The research is aimed at the development of
new additives that do not affect the time of setting,
but on the contrary, contribute to their reduction.
The research aims to determine the complex
influence of plasticizing additives of micro silica and
caustic lime on structural and qualitative
characteristics of foam concrete made by the two-
stage introduction of foam.

Experimental technique

An important condition was to maintain the
same composition of components and ingredients
(additives) of prototypes for each method, as well as
their dimensionality. The technological process of
specimen preparation by two-stage foam injection is
shown in Figure 1.

1 2 3 4
— =T T
Y ¥ k] i Al
A B
0,3:40 1,2 :40 C
| : |
¥ ¥

L]
i © doser
i s primary inclusion of foam mixture

g-————- further foaming

1 - water; 2 - foam concentrate; 3 - cement; 4 - sand;
5 - finished product; A - the container for the low-
concentrated solution of plasticizing additive of a foam
concentrate in water 0,3:40 |, B - the container for a
solution of the modified foam concentrate in water 1.2:40
I, C - the cement-sand mixer, D - the foam generator, E -
the mortar mixer

Figure 1 — Technology of foam concrete preparation
by the method of two-stage foam injection

The technological process consists of three
stages. During production, a strict sequence of
components must be followed (Figure 1):

Stage 1: in a container (A) the foam concentrate
(1) is thoroughly mixed with water (2), in ratio to
water - 0.3:40 I; in parallel (independently) in a
container (B) the foam concentrate (1) is thoroughly
mixed with water (2), in ratio to water - 1.2:40 |; in
parallel in a container (C) the cement (3) is mixed
with sand (4), in the ratio of cement to sand (1:3).

Stage 2: obtained in a container (A) mortar
through the foam generator (C) is converted to foam
and combined with cement and sand mixture from
the container (D), in a mortar mixer (E).

Stage 3: The mortar obtained in a container (B)
is converted to foam by means of the foam
generator (C) and introduced into the mortar mixer

(E).
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Table 1 - Compositions of the compared samples

Type of sample Cement, kg | Sand, kg | Foamer, | | Plasticizer | Quicklime,| Microsilica Water, |
C-3, kg kg (MC), kg

Type 1 300 300 1.5 150
Reference sample

Type 2 300 300 1.5 5 120

Type 3 267 267 1.5 5 6 60 99

Type 4 270 270 1.5 5 60 94

Type 5 300 300 1.5 5 6 99

Type 6 267 267 1.5 6 60 140

After careful mixing in a mortar mixer, the
resulting mortar (5) is poured into forms.

To study the effect of the complex of additives
on the qualitative characteristics of foam concrete
there was taken as a control comparative sample -
foam concrete grade D600 without using any
additives. The composition of the compared samples
is presented in Table 1.

To determine the qualitative indicators of foam,
concrete the following laboratory tests and methods
were used:

- Determining the density of the samples was
performed according to the GOST 12730.1-78
"Concretes. Methods for determination of density.

- Determination of water absorption s
performed according to the procedure of GOST
12730.378 "Concretes. Method for determination of
water absorption.

- Determination of thermal conductivity and
thermal resistance of the material was carried out
according to the method of GOST 7076 "Method for
determining the thermal conductivity and thermal
resistance under steady-state thermal conditions".
The measurements were carried out on the device
ITP MG-4 on the principle of generation of heat flow
stationary, passing through a flat sample and
directed perpendicularly to the front faces of the
sample.

- Determination of the strength of foam
concrete is performed according to the method of
GOST 10180-2012 "Concretes. Methods for
Determining Strength by Reference Samples".
Testing in compression was carried out on an
automatic press CONTROLS (Pilot) 500 kN.

All tests were performed on cube-shaped

specimens of 10x10x10 cm.
Results and Discussion

The density. The density study allowed us to
objectively assess the uniformity of the pore
structure of foam concrete. Figure 2 shows the
results of the average values of the densities of the
different parts of the foam concrete samples: the
upper, middle, and lower parts.

According to the statistical data all partial
values have a close relationship and high
convergence within the control measurements: for
type 1 the maximum quadratic deviation is 20.42
(lower segment) and the coefficient of variation is
3.42%; for type 2 the same values are - the
maximum quadratic deviation (QD) is 25.72 (middle
segment), the coefficient of variation (CV) is 4. 21%;
for type 3, the QD is 14.11 (lower segment) and the
CV is 2.32%; for type 4, the QD is 32.73 (upper
segment) and the CV is 5.34%; for type 5, the QD is
20.31 (upper segment) and the CV is 3.33%; for
type 6, the QD is 23.32 (middle segment) and the
CVis 3.78%.

The results of the study showed that in all cases,
the density in different areas has different values.
The control sample showed an increase in density of
the lower sample by 4.0% as opposed to the upper
sample, indicating that during the setting process,
part of the pore structure breaks down and settles,
thereby compacting the structure of the lower layer
of the material. The sample with plasticizer has the
highest difference in density: the lower sample
showed an increase in density of 4.6% compared to
the upper sample. The samples where a complex
combination of plasticizer, caustic lime, and micro-
silica was used in the mixture showed a relatively
equal density of the lower and upper sections.
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Figure 2 — Results of determining the density of foam block
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Figure 3 — Results of water absorption measurements

The water absorption. Water absorption of foam
concrete was carried out by measuring the density,
the results of the study are presented in Figure 3.
Assessment of water absorption was also
determined for different sections of the samples.

The obtained private values have from the
average then a close relationship: for type 1 the
maximum quadratic deviation is 1.60 (middle
segment), and the coefficient of variation is 10.7%;
for type 2 the same values are - the maximum QD is
0.52 (upper segment), the CV is 5.2%,; for type 3 - QD
is 0. 24 (lower segment), the CV is 3.9%,; for type 4 -
QD is 0.19 (lower segment), the CV is 3.2%,; for type
5 - QD is 0.37 (middle segment), the coefficient of
variation is 3.7%; for type 6 - QD is 0.52 (middle
segment), the CV is 4.7%.

According to the studies, high (less favorable)
rates of water absorption were shown by the control

samples of the traditional composition, without the
use of additives.

According to the results of the control sample,
we see a difference in water absorption between the
upper and lower samples, which is 12%. In general,
a certain pattern of changes in water absorption
capacity according to the height of the sample was
not revealed. Nevertheless, there is an obvious
effect of plasticizers on the reduction of water
absorption (by 21.4% of the control sample), due to
the reduction of micropores in the walls of the cells.
Samples with the addition of plasticizer, hydrated
lime, and micro-silica showed the lowest water
absorption, with an average of 6.3%. This figure is a
high-quality result for foamed concretes, which is
obtained by reducing the time of setting and
reducing the formation of micropores in the walls
of the cells. In samples of types 3,4,5, the most
uniform distribution of water absorption over the
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Figure 4 - Results of strength measurements

height of the sample is observed, which together
with the results of densities indirectly indicates a
relatively uniform porous structure.

The strength. The strength studies were also
carried out on samples obtained from different
sections of the foam concrete material (foam
block). The results are presented in Figure 4.

The partial values obtained have a high degree
of convergence: for type 1 the maximum QD is
0.107 (upper segment) and the CV is 3.42%; for
type 2 the same values are - the maximum QD is
0.15 (lower segment), the CV is 4.21%; for type 3
the QD is 0. 12 (middle segment), the CV is 2.32%;
for type 4 - QD 0.25 (middle segment), the CV is
5.34%; for type 5 - QD 0.17 (middle segment), the

CV is 3.33%; for type 6 - QD 0.15 (middle segment),
the CV is 3.78%.
The difference in the strength of the upper and
lower sections of the foam concrete made by the
traditional composition without the use of additives

was high 22.1 %, and the coefficient of variation by

height is 10%. The obtained result indicates the

Table 2 - The results of the thermal conductivity

uneven distribution of strength characteristics along
with the height of the sample. The difference
between the same indices of samples with additives
is from 3.5 to 16.4%, and the coefficient of variation
by height is from 1.7 to 7.6%. Thus the use of
additives gives a positive effect in increasing the
strength characteristics of foam concrete.

Thermal conductivity. The results of the thermal
conductivity study are presented in Table 2.

All partial values of all compared sample types
have a very close relationship and convergence: the
maximum coefficient of variation ranges from 1.18
to 2.08%, and quadratic deviations do not exceed
0.005.

According to the results of thermal conductivity
of control samples, itis possible to see the difference
in the values of the upper sample and the lower
sample, which in percentage ratio is 13.4 %. The
large variation in values within a single test sample
indicates the conditional reliability of the thermal
conductivity indicators, which must be taken into

account in the design. Thermal conductivity of

Sample Thermal conductivity coefficient Ao W/m x°C
Top samples Middle samples Bottom samples
Type 1 Reference sample 0.15 0.17 0.17
Type 2 0.16 0.17 0.17
Type 3 0.16 0.16 0.16
Type 4 0.15 0.16 0.16
Type 5 0.17 0.17 0.17
Type 6 0.15 0.15 0.16

— 34 ——
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sample Type 3, where all complex additives was
used showed the maximum quality result, thermal
conductivity in all areas (both upper and lower) was
the same value of 0.16 W/m x °C. The same uniform
thermal conductivity in all sections is shown by the
sample of Type 4 - 0.17 W/m x °C. Samples of Types
1, 3, and 5, showed practically the same result,
which was a difference in values of 6.1-6.7%.

Conclusions

Presented composition of the additive intended
for the production of foam concrete, which includes
the following components: plasticizing additives in
combination with fine filler (microsilica) and
hydrated lime CaOH. The relative uniformity of the
composition was confirmed by the results of the
assessment of the density of the material, measured
at different heights of the samples (top, middle, and
bottom). The maximum density difference by height
observed in specimens of type 2, was 4.5%, and the
minimum in specimens of type 3 with the full
complexity of the components of the proposed
additive, was 0.5%. The most unfavorable rates of
water absorption corresponding to the samples of
traditional composition, the difference of data on

the height of the samples, on average, was 12%. In
general, for the samples with the use of plasticizers,
there is an obvious decrease in water absorption up
to 21.4 %. The results of comparisons of strength
characteristics of samples showed minimum values
for samples of traditional composition, and
maximum for samples with the use of the additive.
The maximum difference in strength by height was
revealed in the samples of traditional composition,
amounting to 22.1%. The samples with additives
showed varying degrees, but a naturally smaller
scatter, ranging from 3.5 to 16.4%. The results of
thermal conductivity also showed less stability of the
samples of traditional composition, the difference of
private values on the height of which was 13.4%.
Samples using the entire set of additives showed the
most stable result, and samples with partial use of
components showed high convergence with a
scatter of data from 6.1 to 6.7% in height.
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Kebik 6eTOHbIHbIH, CanacblH YXaKCcapTyfa apHa/ifaH MUKPOKPEMHE3€eM }KaHe
COHAipiNnreH aK HerisiHAe ¥KacanaTtblH Kocna

Nlyknanos P.E., ! AocembuHos [.C., 1 EHkebaes C.B., 1 EHkebaesa A.C.,2 Tkau E.B.

L J1.H. F'ymunes ameiHdarsl Eypasus yammelx yHusepcumemi, Hyp-Cyaman, Kazakcmat
2 ¥ammelk 3epmmey Mackey memaekemmiK Kypobiasic yHusepcumemi, Mackey, Peceli

TYRIHAEME

Makanasa kebik 6eToHbIH OHAIPY YLUIH ¥KyKa AMUCNepCTi TONTbIPFbILLNEH (MUKPOKPEMHE3eM) XKaHe

Ca(OH)2 akimeH bipiKTipinreH nnacTMduKaumMAnbIK Kocnanapapl KonfaHy Typasbl 3epTreynep

KenTipinreH. 3epTreynep NAaCTUKTEHAIPETIH Kocrnanap meH b6enceHai TONTbIpFbIWTapaAbIH, Kebik

bOeTOHbIHbIH, KacueTTepiHe acepiH onapAbl eHAipy MpoueciHae aHblKTayFa MYMKIHAIK 6epeg,.

Makana kengi: 15 akna+ 2022
CapantamagaH eTTi: 18 Haypei3 2022
Kabbinganapl: 28 cayip 2022

Kebik 6eToH eHAjipiciHAeri Heri3ri Macesie — OpHaTy yaKbITbl, ©MTKEHI 0napaH apTybl Ke6ik 6eToH
KOCMACbIHbIH WeryiHe aKesnesaj, COHbIH, acepiHeH maTepuangbiH KypblibiMbl Bipkenki 6onmanabl.
CoHAbIKTaH Kebik 6eTOH eHAipiciHAe NNACTUKTEHAIPETIH Kocnanapabl KoAaaHy YCbiHbIAMaAb.

Mnactuoukatop, 6etTik 6enceHai 3at 6ona oOTbipbin, LEMeHT 6ainaHbICTbIPFbIWbIH OpPHATY

YaKbITbIH

apTTbipaabl.

Anaiiga, ceHaipinreH 9K  KaHe nnactudukaTtopmeH  Bipre

MWKPOKPEMHE3EMHIH, epeKLLENiKTePiH 3epTTelN OTbIPbIN, OPHATY YaKbITbIH KbICKAPTYFa MYMKIHAK

6epeTiH epeklwenik Tabbligpl. 3epTxaHanblK 3epTreynep KepceTkeHaen, 6yn KOMMoHeHTTepai
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KoNAaHy GipKenKi 6eniHreH KypblabiMbl, ofapbl bepikTiri kaHe asasfa Tesimainiri 6ap Kebik
6eTOHbIH anyfa MyMKIHAIK Gepegi. 3epTrey HaTuxKenepi GoMbIHWA Kocnanap KOMMOHEHTTepi
CaHblHbIH, KebiK BEeTOHbIHbIH, cananblK cMnaTTamanapbiHa acepi aHblKTanAbl, KOMMOHEHTTEPAIH,
OHTaWAbl Kypambl, NAACTUPUMKATOP, MUKPOKPEMHE3EM »KaHe ruapatrasfaH 9K Kocnanapbl
TaH4aNAbl.

TyiiiH ce30ep: neHO6eTOH, eki caTbl/ibl KOBIK eHri3y, MMKpOKpemMHe3seM, naactuduKkaTop, 6epikTik,
an3fa Te3iMAiNIK.
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[o6aBKa Ana ynyuyweHUs Kayectsa neHo6eToHa, U3rotaBiMBaemas Ha OCHOBe
MUKPOKpEMHe3eMa U ralieHoi u3Bectu
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AHHOTAUMA

B cTaTbe npuBeaeHbl UCCAEL0BAHWA NPUMEHEHUA NAACTUOULUMPYIOLLMX A0BABOK B KOMMIEKCe C
TOHKOAMCNEPCHbIM HaNoAHWUTENEM (MMKPOKPEMHE3eMOM) U ralleHHoi ussectbio CaOH pns
npou3BoACTBa NeHobeToHa. ccnenoBaHWA NO3BONAT ONPEAENUTb BAUAHUE NAACTUGULMPYIOLLMX
[06aBOK M aKTMBHbIX HAaNONHUTENEN Ha CBOWCTBA NEHOGETOHA B MpoLECCce WX NPOWU3BOACTBA.
OCHOBHbIM BONPOCOM NPW NMPOU3BOACTBE NEHOBETOHA ABNAIOTCA CPOKM CXBATbIBAHMA, TaK Kak UX
yBenuyeHve NpuBOAMT K ycagKe NeHOBETOHHOW CMecUM M KaK CneacTBve HepaBHOMEPHOCTM
CTPYKTYpbl MaTepuana. MosTomy npumeHeHve naactuduumpyowmx aob6aBok B NPOM3BOACTBE
neHobeToHa He pekomeHayeTcs. MnacTuduKaTop, ABNAACH MOBEPXHOCTHO aKTUBHbLIM BELLECTBOM,
YBENNUYMBAET CPOKMU CXBATbIBAHWUA LEMEHTHOrO BAXyllero. OQHaKo uccnenoBaB 0coBeHHOCTH
MMUKPOKPEMHE3EMA B KOMIMJIEKCE C ralleHHOW M3BECTbIO M N1acTUdUKATOpom bbina obHapyKeHa
0COBEHHOCTb, MO3BONAKOWAA COKPATUTb CPOKM CXBaTbiBaHWA. JlabopaTopHble McCaefoBaHWUA
noKasanu, YTo MNPUMEHEeHWEe [AaHHbIX KOMMOHEHTOB MO3BO/MAT MOAYYUTb MNEHOBETOH C
NPOEKTUPYEMOM NJIOTHOCTbIO, C PABHOMEPHO pacnpesiesIeHHON NMOPOBOM CTPYKTYPOW, BbICOKOWM
NPOYHOCTbIO, U MOPO30CTOMKOCTbIO. [0 pesynbTaTam MCCNefoBaHWA, ONpPeAeNeHo BAUAHME
KO/IMYECTBa KOMMOHEHTOB A06aBOK Ha KayeCTBEHHble XapaKTepUCTUKM neHobeToHa, Bbl6paH
ONTMMaNbHbIN COCTAaB KOMMOHEHTOB, A06aBKM NnacTUdUKATOPa, MUKPOKPEMHE3eMa U1 raleHHow
N3BECTU.

Knovyeeble cnoea: neHOBETOH, [ABYXCTaAMWHOE BBeAEHME MNeHbl, MUKPOKPEMHE3EM,
nnacTMduKaTop, NPOYHOCTb, MOPO3OCTOMKOCTD.
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ABSTRACT

In the electrometallurgy of manganese alloys, viscosity has an important effect on the
production indicators from the physicochemical properties of slag. During the smelting of
manganese alloys, the main amount of heat spent on reduction reactions is released due to the
current passing through the liquid slag phase, since the resistance of the latter, depending on the
composition, affects the completeness of the reduction of manganese from melts. In the case of
refined ferromanganese by the silicothermic method, the vast majority of silicon of
silicomanganese is refined with higher manganese oxides or it is burned out due to oxygen in the
air. The paper presents the results of thermophysical properties of slags representing the FeO -
MnO - Ca0 - Al,Os - SiO2 system. Laboratory experiments were carried out on synthetic slags by
varying the slag basicity CaO / SiO; = 1.5 - 1.9 and the concentration of Al,03 = 5 - 15%. As a
result, graphs of the dependence of these properties on temperature values are constructed, the
activation energies of the viscous flow are calculated and the phase compositions of the
experimental slags are determined using a mathematical model of the diagram of the FeO - MnO
- CaO0 - Al;0s3 - SiO2 system. Thus, an increase in the concentration of aluminum oxide against its
usual level, changing the basicity of the slag, significantly affected the physicochemical
properties of the slag and thereby contributes to the adjustment of the parameters of the
electric melting process. At the same time, it is advisable to study the interaction of some
Physical chemical properties of slags on the melting conditions of manganese ferroalloys in
relation to the composition of slags.

Keywords: viscosity, slags of manganese alloys, crystallization temperature, activation energy,
phase composition.
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Introduction

In metallurgy, the final slags of manganese
refined
ferromanganese, represent the FeO — MnO — CaO —
Al,O3 - SiO; system. The reduction processes during
the smelting of refined grades of ferromanganese
pass through the slag phase, so the study of the
viscous properties of slags is obvious. As is known,
the viscosity of the slag in the desired limit should

alloys, namely for

contribute to the rapid runoff of metal droplets into
the alloy, the rapid mutual diffusion of oxides and
reducing agent, and consequently, the rapid flow of
the process, and, finally, allow optimal distribution
of the temperature gradient in the melt [1].

In some cases, the viscosity of the slag
determines the performance of metallurgical units,
such as the interaction of slag with refractory
materials, and metal losses with slag. Viscosity is
one of the main parameters characterizing the
physical properties of oxide melts. The viscosity of a

grades  of
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liquid is related to its structure and is determined
by interparticle interaction, therefore, its study,
along with other physicochemical properties,
allows us to evaluate the structure of metal and
slag melts, the nature, and magnitude of the
interaction between their components.

The thermophysical properties of synthetic
slags of the FeO — MnO — Ca0 — Al,03 — SiO; system
were investigated.

Experimental part

To study the physical properties of slags
(viscosity and temperature of the beginning of
crystallization), pre-prepared synthetic mixtures
were used, since metal remains and foreign
impurities are present in industrial slags.

Slag samples for the study were prepared from
reagents of the brand purely for analysis by fusing
mixtures in a graphite crucible in a Tamman
resistance furnace.

Synthetic materials were calcined to a constant
weight at 800 — 850 C before fusion. The
suspension of powdered synthetic materials was
thoroughly mixed beforehand and then melted in a
furnace. After fusion, the resulting slags were
submitted for chemical analysis. As a result, the
composition of the resulting slags was close to the
industrial slags of the process of obtaining
manganese alloys (Table 1).

The studied slag samples were characterized by
a ratio of Ca0O/SiO; = 1.5; 1.7; 1.9 and different
content of Al,Os. Such dynamics of composition
variation made it possible to trace the influence of
alumina and magnesium oxide on the viscosity and
crystallization temperature of slags.

The viscosity of the slag was measured with an
electro vibration viscometer in molybdenum
crucibles with a current of purified argon. The
installation diagram is shown in Figure 1.

The high sensitivity of the vibrating viscometer
is due to the fact that it operates on resonant
vibrations. and the viscositv of the melt violates the
resonance conditions [[2], [31, [4]]. To determine
the thermophvsical properties of the slags of the
FeO — MnO - CaO - Al,0O; - SiO, system, a pre-
crushed slag weight (15-20 g) was immersed in a
molvbdenum crucible with an inner and outer
diameter of 17 mm and 30 mm. respectivelv, and a
height of 60 mm. After melting the slag sample
(1550-1650 ° C). the contents in the crucible were
mixed with molvbdenum rods to average the
composition. In the center of the crucible, a

molybdenum spindle with a diameter of 2 mm and
a length of 40 mm was introduced to a depth of 10
mm from the melt surface using a screw lift, then
cooling measurements were made at a speed of 3
degrees/min until complete crystallization. Then
the hardened slag was melted again to extract the
spindle of the viscometer and remove the slag from
the crucible by freezing on a molybdenum wire. The
temperature in the furnace was measured with a
tungsten-rhenium thermocouple TR 5/20, the hot
junction of which in a corundum cover was fed
through a recess to the bottom of the crucible. The
viscosity was recorded by the value of the
electromotive force (mV) on a digital
millivoltmeter.

=
10
Tepsozar |

Figure 1 - Diagram of an electro vibration

viscometer
1 - crucible; 2 - vibrating rod; 3 - viscometer housing; 4 -
flat springs; 5 - ring magnet; 6 - measuring coil; 7 -
vibrator core; 8 - vibrator coil; 9 - vibrator armature; 10 -
shock-absorbing springs; 11 - auto generator; 12 - digital
voltmeters; 13 —lid; 14 - Tamman furnace; 15 - inert gas
supply tube; 16 —thermocouple
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Table 1 - Chemical composition of the slag

Composition, %

Ne Chemical Phase

FeO | MnO Cao SiO2 Al,03 | CaO/SiO2 F M M2S CAS C.S CA
1 8.9 | 19.65 | 39.01 | 25.92 | 6.52 1.51 8.90 7.79 16.86 17.53 | 48.92 -
2 4.86 | 16.07 | 40.35 | 26.89 | 11.83 1.50 4..86 3.62 17.70 31.80 | 42.00 -
3 2.68 | 15.48 | 39.32 | 26.2 | 16.32 1.50 2.68 3.36 17.24 43.87 | 32.84 -
4 8.65 | 15.68 | 44.42 | 26.19 | 5.06 1.70 8.65 10.05 8.00 13.6 59.69 -
5 428 | 14.72 | 44.66 | 26.42 | 9.94 1.69 4.28 8.85 8.34 26.72 | 51.82 -
6 391 | 15.22 | 42.45 | 24.96 | 13.46 1.70 3.91 10.00 7.42 36.18 | 42.48 -
7 5.56 | 15.28 | 47.12 | 24.79 | 7.25 1.90 5.56 15.28 15.22 61.45 - 2.48
8 3.36 | 13.66 | 46.45 | 24.43 | 12.12 1.90 3.36 13.65 28.33 52.17 - 2.48
9 1.77 | 1436 | 44.01 | 23.12 | 16.74 1.90 1.77 14.36 40.77 40.60 - 2.49

Discussions results

Experimental data on the viscosity of slags, the
compositions of which are given in Table 1, are
shown in Figure 2. The effect of Al,O3 concentration
on the viscosity of slag with basicity of 1.5; 1.7; 1.9
is shown here.

According to experimental data, the
crystallization temperature of the slags was also
calculated. It can be determined based on the
known exponential dependence of viscosity on
temperature [[5], [6]]:

E
n=A-e RrT (2)
where n - the viscosity coefficient; E - the

activation energy; T - the absolute temperature; R -
the universal gas constant; A - the pre-exponential
multiplier. Logarithmic form of expression (1):

lnn=lnA+£-% (2)

where Inn - the segment cut off on the ordinate
axis; E/R - the angular coefficient of the straight
line.

Figure 3 shows the dependence of the
logarithm of viscosity (Inn) on the inverse
temperature (1/T). As can be seen, an increase in
the CaO/SiO; ratio in slags affects an increase in the
crystallization temperature.

As practice shows, for a homogeneous
structural state of slag, the graphical dependence in
the coordinate’s In n - 1/T must be rectilinear at a
certain constant value of E,. The deviation from the
straight line of the dependence of Inn from 1/T
indicates the appearance of structural
changes in the melt during its cooling. With the
development of the crystallization process, a
fracture is observed on the graph in the
coordinate’s Inn - 1/T, followed by an increase in
viscosity. With the development of the

crystallization process, a fracture is observed on the
graph in the coordinate’s Inn - 1/T, followed by an
increase in viscosity.

The temperature corresponding to the fracture
point determines the crystallization temperature of
the studied oxide melt. It can be found from the
graph or by solving the equations of the lines
together before and after the fracture. In general,
they can be written as follows:

Ya = ¢ + ax — for a straight line to a fracture (3)

Vb = C1+ar-X — for a straight line after a fracture (4)

where In is denoted by «y» Inn, 1/T is denoted by
«x», and «c» and «a» represent the free term (InA)
and the angular coefficient (E/R) of equation (2).

The coordinates of the intersection point of
two straight lines are as follows (Figure 3):

c;, —C
x=—-—1
a—a, (5)
c-a —¢-a
Y=

a—a, (6)

Table 2 shows the above-mentioned equations
calculated by processing experimental data using
the least-squares method, showing the
crystallization temperatures (te."C) and the
activation energies of the viscous flow of the
studied slags (T).

Increasing the concentration of aluminum oxide
reduces the viscosity and crystallization
temperature of slags in the entire range of the
studied basicity. However, the nature of the
influence and the absolute values of the decrease
in these values, depending on the basicity of the
slags, are different, and this is primarily due to the
processes of phase formation.

— 4) ——
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Table 2 - Crystallization temperature and activation energy of viscous flow

Ca0/SiO; Slags Equations Tkr.,"C E, kJ/mol
Ina=-200.97+36.271/T 3015.68
1 1534
Inb=-109.30+19.709/T 1638.67
Ina=-106.86+19.05/T 1583.87
1.5 2 1515
Inb=-83.13+14.807/T 1231.10
Ina=-192.67+33.39/T 2776.14
3 1468
Inb=-123.73+21.39/T 1778.43
4 Ina=-112.38+20.311 1588 1688.72
Inb=-105.91+19.107 1588.61
Ina=-114.22+20.023 1664.77
1.7 5 1524
Inb=-95.422+16.644 1383.83
Ina=-123.41+21.162 1759.47
6 1473
Inb=-111.13+19.018 1581.21
Ina=-101.03+18.593 1545.88
7 1610
Inb=-73.306+13.373 1111,87
Ina=-161.74+28.987 2410,07
1.9 8 1568
Inb=-105.12+18.562 1543.30
Ina=-70.124+12.341 1026.07
9 1517
Inb=-35.36+6.117 508.59
6 - 6
5 5
4
ot g
b 0
83 —_1 &3 -
o N
L s = -
2 6
3
1 4
1 -
0 T T T 1
0 w T T ' w 1400 1450 1500 1550 1600 1650
1400 1450 15%9 1550 1600 1650 Temperature, °C

Temperature, °C

n, Pa- sec
w

0 T T
1400 1450 1500 1550 1600 1650 1700

Temp@rature, °C

Figure 2 - Dependence of slag viscosity on the temperature at basicities, a- 1.5; b -1.7;c- 1.9
(figures in the picture of slag numbers according to Table 1)
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Figure 3 - Dependence of the logarithm of viscosity on the inverse temperature

The phase composition of the experimental
slags was estimated using a mathematical model of
the diagram of the FeO - MnO - CaO - Al,O; - SiO;
system [[7], [8]].

It was found that the slags presented in Table 1
numbered 1-6 have the following phase
composition: iron oxide - FeO (indicated in the table
as F), manganese oxide - MnO (M), tephroite -
2MnQO-SiO, (MzS), gelenite - 2Ca0-Al;05:Si0; (CzAS),
bicalcium silicate - 2Ca0-Si02 (C,S) and their
normative composition is described by the
following expressions:

F=+1F,
M = -2,367-5+1,268-C+1-M,
M,S= +3,367-5-1,805-C,
CoAS= +2,688-A,

C,S= -1,688-A+1,536-C.

The calculation shows that with an increase in
the basicity of slags due to the CaO additive, there
is a decrease in the content of tephroite in them. As
a result of the reaction, free manganese oxide and
bicalcium silicate are formed [[9], [10]]:

2Mn0O-Si0,+ 2Ca0 = 2Mn0O + 2Ca0-Si0,

When the basicity increases to 1.9, the slag
composition moves to the pentatope F-M-C,AS-C,S-
CA, i.e. tephroite is replaced by calcium aluminate
(T=1604 °C) [11]. To calculate the phase
composition of slags in this pentatope, it is
necessary to use the following equations:

F=+1-F,
M = +1-M,

C,AS = +9,172-5+2,694-A-4,917C,
C,S = -2,890-5-1,694-A+3,085-C,
CA =-5,282-5+2,831-C.

Conclusions

By tracking the dynamics of changes in the
phase composition, it can be seen that an increase
in basicity contributes to the release of MnO in free
form from tephroite and thereby contributes to
improving the conditions for the reduction of
manganese. It is also possible to note an increase in
the concentration of Al,Os3 in the melt, where the
temperature range of the beginning of
crystallization of the studied slags expands, forming
aluminosilicate  compounds  (Ca,AlLSiO; and
CaAl,04), the melting point of which is 1550 ° C and

— ) ——
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1604 ° C, respectively. At the same time, in order to
form a high fluidity of the ore-calcareous melt, it is
necessary to ensure a ratio CaO/SiO, = 1.5 - 1.7 in
the slag and an Al,O; content of at least 10%.
Further, with an increase in the CaO/SiO; ratio of
more than 1.7, the content of the refractory phase
(larnite — 2Ca0-Si0,) having a temperature of 2130
°C will increase, thereby worsening the slag regime
of the smelting process of refined ferromanganese.
With an increase in the basicity and content of
alumina, aluminum atoms are rearranged from gear
coordination into anionic complexes of the
(AIZSIO;")gtype.

Thus, alumina as a slag-forming component
does not worsen the performance of the
technology of smelting manganese ferroalloys, in
particular for the production of refined
ferromanganese. For the technology of smelting
refined ferromanganese, the slag region turned out
to be optimal in viscosity: M,S-C,S-C,AS with a ratio
of Ca0O/Si0, = 1.5 - 1.7. In any other region,
properties  very undesirable for smelting
ferromanganese are the manifested-a high melting
point of slags. This contributes to the intensive
reduction of silicon from tephroite and may cause

an increase in the silicon content in the resulting
ferromanganese.

By doing so, we can conclude that it is
necessary to correct the slag regime of current
production towards high-alumina slags, which allow
for higher technical and economic indicators of the
production of refined ferromanganese.

Al,0O5 additives can be produced using alumina-
containing materials (bauxite agglomerates) as part
of charge materials or aluminum together with
siliceous alloys used in metallothermy. However, as
practice shows, the latter option is unacceptable
due to the high cost and high carbon monoxide of
free aluminum.

In this case, the most optimal option for
smelting refined grades of ferromanganese is the
use of a complex aluminum-manganese-silicon alloy
(AISiMn) in the form of a reducing agent containing
up to 15% aluminum along with silicon (50%). With
such an aluminum content in the reducing agent,
the amount of Al,0; in the slag will fluctuate
between 10 -15%.
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FeO — MnO - Ca0 — Al;03 — SiO; )KyMeciHaeri CUHTETUKANbIK KOXKADbIH,

TepmoPuU3nMKanbiK Kacmerti

'Ecenranues [A.A., *baiicaHos A.C., 3locekeHos M.C., *KenamaHos B.C., *Aama6ekos .M.

1K.Xyb6aHoB atbiHaafbl AKTebe eHipaik yHuBepcuteTi, AkTebe, KasakcraH

2 }K.96ileB aTbiHAAFbI XMMUA-METANNYPIUA UHCTUTYTbI, KaparaHabl, KasakcraH

3 «ERG-AiH, FbIIbIMU-3EPTTEY }KaHE UHKMHUPUHT opTanblifbl» MLLIC

TYRIHAEME
MapraHeu,
KacueTTepiHeH

KOPbITNanapbiHbIH,
TYTKbIPAbIKTbIH,

SN1IEKTPOMETaNNyprmacbliHAA KOXAblH ¢M3MK3-XMMMﬂﬂbIK

eHAipic  KepceTKiwTepiHe acepi MaHpI3abl. MapraHey,

KOpbITNanapblH BanKbITy KesiHAe KblNyAblH HEri3ri meswwepi TOTbIKCbI3AaHY peaKuuanapbiHa
JKYMCanagbl, ON CyWblK WNAK pa3acbiHaH OTETIH TOK ecebiHeH Kypeai, 8UTKEHI COHFbICHIHbIH,
Kepeprici KoX KypambliHa 6aliNaHbICTbl MapraHeLTiH, 6ankbiManapaaH TONbIK TOTbIKCbI3AaHYbIHA
Makana kengij: 23 kaymap 2022 acep etesi. TazapTbinfaH deppomapraHeLTi CUIMKOTEPMUANDIK dAicimeH BanKbITy KafaanbiHAA
CapantamagaH eTTi: 25 Haypsi3 2022 CUIMKOMapraHeL, KpeMHWIiHIH, 6acbim 6eniri mapraHeuTiH }Kofapbl TOTbIKTapbIMEH Ta3apTbliaabl
Kabbinganapl: 29 cayip 2022 Hemece ayaHblH, oTTeri ecebiHeH Kyiin keteai. ymbicta FeO — MnO — Ca0 — Al,O3 — SiO; xyiieci
HerisiHaeri KoXAapAblH TePMODU3NKANDIK KAaCUETTEPiHIH, HOTUKeNepi KeNTipinreH. 3epTxaHanblK,
TaXipmbenep CUMHTETUKANbIK KOXAbI KONAAHY apKblabl KO Herizginiri Ca0/Si02 = 1,5 - 1,9 xaHe

Ko aarbl Al,Os KoHUeHTpauuacbl 5-15% apanbifblHAa Kyprisingi. HatueciHae kepceTinreH
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KacueTTepaiH, TemnepaTypanblk Lamanapfa Tayendinik rpaduri canbiHAbl, TYTKbIP afblHHbIH,
aKTUBTEHY 3HepruAcbl ecentengi kaHe FeO — MnO — CaO — ALOs — SiO: KyieciHgeri
AMarpaMmacbliHblH, MaTeMaTWKaiblK MOAENIH KONAaHa OTbipbin, TaXipnbenik KoxaapablH,
basanblk Kypambl aHbiKTanabl. Ocblnaniua, KOXKAbIH HEri3ainirii esrepte OTbipbIn, antlOMUHUIA
OKCWAiHIH, aeTTeri geHreliHeH KOHLEHTPALMACBIHbIH, }KOFapaaybl apKbl/bl KOXKAApAbIH GU3MKa-
XMMUANBIK KacueTTepiHe aluTap/bikTali acep eTTi, by e3 KeseriHae 371eKTp 6anKpITy NPOLLECiHiH,
napameTpnepiH TyseTyre biknan etegi. COHbIMEH KaTap, KOMAapAblH Kenbip dusmkanbik
XMMUANBIK KacueTTepiHiH, mapraHel, ¢eppoKkopbiTnanapbiH 6ankpITy »KafaanapbiHa acep eTyi
KOXAAPAbIH KypambiMmeH 6aiNaHbICTbl 3epTTeNyi KaxKeT.

TyiliiH  ce30ep: TYTKbIp/AbIK, MapraHewl, KOPbITNaNapbiHbIH  KOXAApbl,  KpuUCTangaHy
TemnepaTypachl, akTUBTEHAIPY aHepruschl, Gasanblk Kypambl.
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AHHOTALMUA

Mpy aneKkTpomeTannyprum MapraHueBbIX CMaBOB Ha MOKasaTe/NM Npou3BOACTBA U3 GU3MKO-
XMMMUYECKMX CBOWMCTB LU/IaKa BaKHOE 3HAaYeHWe OKa3blBAeT BA3KOCTb. [1OCKO/IbKY Mpu BbiniaBke
MapraHLUeBbIX CMIaBOB OCHOBHOE KOMYECTBO Tenaa, 3aTpayMBaeTcA Ha BOCCTAHOBUTE/IbHblE
peaKkuuu, BblAENAETCA 33 CYET TOKA, MPOXOAALLEro Yepes KUAKYI Waakosyto $asy, NOCKONbKY
COMpOTUB/IEHME MOCNeAHel B 3aBUCMMOCTU OT COCTaBa BAMAET HA MNOJIHOTY BOCCTAHOB/IEHWA
MapraHua 13 pacnsiasoB. B cnyyae paduHupoBaHHOro dpeppomapraHua CUAUKOTEPMUYECKUM
cnocobom NoAaBAAOWANA YacTb KPEMHUA CUAMKOMApraHua paduHMPYeTCa BbICLIMM OKCUAAMMU
MapraHua Wau Ke BbIropaeT 3a cyeT Kucnopoga Bosgyxa. B paboTte npuBeaeHbl pesynbTaTbl
TepModU3MYECKMX CBOMCTB LWNAKOB npeacTasasaowyto cuctemy FeO — MnO — CaO — Al,O; —
SiO,. JlabopaTopHble OMbITbl NMPOBOAMIUCE HA CUHTETUYECKMUX LWNAKax, NyTeM BapbUpOBaHUsA
OCHOBHOCTM wWnaka Ca0/Si0; = 1,5-1,9 u KoHueHTpauum Al,Os B Wnake B npegenax 5-15%. B
pesynbTaTte NocTpoeHbl rpadrKM 3aBUCUMOCTU YKa3aHHbIX CBOMCTB OT TEMMEPATYPHbIX BEIUYMH,
paccuMTaHbl SHEPTUM aKTUBALMKU BA3KOIO TeyeHusa U onpeaeneHbl $a3oBble COCTaBbl OMbITHLIX
LLINIAKOB C UCMNONb30BAHMEM MaTeEMATUYECKOW Moaenu auarpammbl cuctemsl FeO — MnO — CaO —
Al;03 — SiO2. TakMm 06pa3oM, MOBbIWEHME KOHLEHTPAUMWM OKCMAA aNtOMUHWUA NPOTUB €ro
06bI4YHOTO YPOBHA, MEHAN OCHOBHOCTb LUAAKa, CYLLECTBEHHO NOBAUANO HA GU3MKO-XMMUYECKME
CBOWCTBA LUMAKOB, M Tem CamMbiM CNocobCTBYET KOPPEKTUMPOBKM NapameTpoB npouecca
3NEeKTPONNaBKK. MNpu 3Tom B3aMMOAENCTBME HEKOTOPbIX PUBUKO-XMMUYECKUX CBOWMCTB LUAKOB
Ha YCN0BUA MNaBKM MapraHLueBbix ¢peppocnnaBoB LesecoobpasHo n3yyaTb BO B3aMMOCBA3U C
COCTaBOM LU/IAKOB.
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ABSTRACT

Metals are important in many modern industries. Due to the depletion of their natural resource
base, it is necessary to adapt, which means developing new and optimizing existing methods of
extraction of valuable components from ore materials. Only comprehensive processing of copper
metallurgical slags will solve the problem of resource recovery and the creation of low-waste
technology, which has great economic, environmental, and social importance. Hydrometallurgical
technologies take into account the specific conditions of the system and the physical and chemical
properties of metals when developing and selecting the method of extraction. This article provides
a review of the current state and prospects of development technologies used for base metal
extraction by leaching with the use of inorganic acids and environmentally safe reagents, the
methods are conditionally divided into two groups. The listed studies have made a significant
contribution to solving the problem of processing metallurgical slags, however, none of the
technologies has gone beyond the scope of laboratory and semi-industrial tests. Noted a tendency
to reduce the concentrations of leaching agents by certain pre-treatment of raw material, as well
as the transition to ubiquitously use "green technologies": such as bioleaching and organic acid
leaching. Directions are suggested to solve the problem of rational use of raw materials and
increase the sustainability of the future material cycle.

Keywords: hydrometallurgy, metallurgical slag, leaching, organic acid, bioleaching.
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Introduction

The problem of processing mining and

irretrievable losses and make the processing of such
material economically attractive.

Copper smelting slags of different enterprises
vary in their chemical composition and structure and

metallurgical slag dumps is one of the most
complicated and unresolved problems in modern
nonferrous metallurgy. These wastes occupy a large
territory and have a negative impact on the
environment. Each ton of copper produced about
2.2 tons of copper slag [1]. On average, the annual
production of copper-melting slags in the world is
about 25 million tons, which usually contain a
significant amount of valuable components, the
concentration of which often far exceeds their
concentration in the extracted raw materials. The
growing value of non-ferrous metals and reduction
of the mineral resource base do not allow their

usually contain about 1% of copper and 40% of iron,
depending on the type of processing and elemental
composition of ores, concentrates, and fluxes.
Significant amounts of oxides of aluminum,
magnesium, calcium, barium, etc.,, and minor
amounts of other elements (e.g., zinc, titanium, and
lead) are also associated with copper slag. The main
components of copper slag are iron oxide and SiO,,
which are present in copper slag mainly in the form
of fayalite (2FeO - SiO,).

Recently, scientists around the world have paid
special attention to hydrometallurgical processes for
the extraction of valuable components from
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metallurgical slags, and many technologies have
been developed. In these studies, the efforts were
mainly focused on leaching processes with the use
of inorganic acids and environmentally safe reagents
(organic acids and microorganisms), according to the
same principle the methods have been classified in
this review, but it should be noted that this division
is conventional.

The first group includes technologies of leaching
with the use of inorganic acids.

In the work, Banza A.N. et al [2] performed an
extraction of non-ferrous metals using three
different methods (sulfuric acid leaching, leaching at
a constant hydrogen peroxide flow rate, and
leaching at a constant Eh potential) with samples of
milled slag from Lubumbashi, Democratic Republic
of Congo. Metal recoveries of about 60% Cu, 90% Co,
90% Zn, and 90% Fe were obtained after 2 hours
using only H,SO4. Using a combination of H,SO4 and
H,0,, resulted in better metal recovery: 80% Cu, 90%
Co, 90% Zn, and 5% Fe.

Yang, Z. et al [3] investigated the leaching of
copper smelting slag from Guangdong province in
China using the same acid (H2SOs) with NaClOs;
oxidizer and Ca(OH), neutralization to accelerate
sludge filtration. The overall leaching and selective
precipitation process recovered about 98% Co, 97%
Zn, and 89% Cu from this slag, with only 3.2% Si and
0.02% Fe dissolved.

By another technology [4] the authors studied
the extraction of copper and cobalt from converter
slag obtained at Zhongtiaoshan Nonferrous Complex
metallurgical plant, China. Pre-dried slag was
treated with H,0, and H,SO, (120% stoichiometric
amount), and then solidified slag was leached with
water, and as a result, was extracted more than 95%
Co and up to 90% Cu.

In the method developed at Firat University,
Turkey [5] was shown that roasting with Fe,(SO.); at
500°C, duration of 120 minutes and ratio
(Fez(S04)3:xH,0: slag = 1: 1) followed by water
leaching resulted in copper, cobalt, nickel and zinc
recovery respectively: 93%; 38%; 13% 1 59%. Copper
converter slag from Ergani Copper Plant, Maden,
Elazig, Turkey was investigated.

In the work of the previously mentioned
university [6], the extraction characteristics of
copper, cobalt, zinc, and iron from converter slag
obtained at Ergani Copper Plant, Maden, Elazig,
Turkey were investigated. Studies were carried out
by oxidative leaching with a leaching agent based on
potassium dichromate (K:Cr.O7) and sulfuric acid
(H2SO4). Experimental results showed that the

presence of dichromate has a great influence on the
extraction of base metals. The process extracted
81.15% Cu, 12.0% Co, 3.15% Fe and 10.27% Zn.

Arslan and Arslan [7] focused on the recovery of
copper, cobalt, and zinc from smelter and converter
slags by sulfuric acid roasting. This study used
leaching experiments to investigate the effect of
firing time, acid: slag ratio, and firing temperature on
the degree of metal dissolution. In 2 hours of firing
at 150°C and acid: slag ratio = 3: 1, the metals
recovered were: 88% Cu, 87% Co, 93% Zn and 83%
Fe. Moreover, increasing the firing time to 4 hours
increased the copper recovery to 95%.

In work [8] the influence of the degree of
grinding of copper smelting slags Kazakhmys
Smelting, Balkhash, Kazakhstan on the degree of
extraction of non-ferrous metals by sulfuric acid at
room temperature in the presence of potassium
dichromate was studied. Grinding in a planetary ball
mill and an abrasion mill was used for mechanical
activation of copper extraction. Figure 1 compares
SEM images of slag subjected to dry grinding in a
planetary (Fig. 1a) and an abrasion mill (Fig. 1b) for
20 minutes at 600 rpm, a ball : powder ratio =20: 1.
The figure shows that the planetary grinding
produces finer particles.

Figure 1 - SEM images of crushed slag samples [8]

When conducting leaching experiments under
optimal conditions for milled slag, and with optimal
parameters for copper extraction and copper
selectivity, the maximum copper extraction was
87.3%, and the maximum copper selectivity was
97.9%.

The second group includes technologies using
environmentally safe reagents.

Sukla et al [9], described a leaching process,
using a strain of Aspergillus niger, copper converter
slag from M/S Hindustan Copper Limited, Gatsila,
India, isolated from Sukinda laterite nickel ore. The
bacteria were pre-enriched with 2% - potato
dextrose broth and the pulp density was varied by
dextrose concentration from 2 to 10%. At the same
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time, good results were obtained by trial
experiments with oxalic, acetic, and succinic acids
(1M) for 72 hours on a rotary vibrator at 37°C. The
maximum recoveries of copper, cobalt, and nickel
were 47%, 50%, and 23%, respectively.

Mehta et al [10] investigated the recovery of
copper, cobalt, and nickel from converter slag at
room temperature by biological leaching using
Thiobacillus  ferrooxidans, and iron-oxidizing
bacteria from two copper converter slag samples
from the Indian Copper Complex (ICC) in Gatsil, India
on a laboratory scale. The slag treatment optimized
parameters such as the degree of grinding of the
material, acidity of the medium, solid: liquid ratio,
Fe(l1)/Fe(lll) ratio, and the amount of Fe(ll) and
additives. Metal recovery from slag under sterile and
biological leaching conditions was 80.0% and 99.0%
Cu (80 days), 18.0% and 22.0% Ni (70 days), and
16.0% and 30.0% Co (50 days).

Selective leaching of lead and copper by citric
acid solutions from the slag of suspended copper
smelting was proposed in the work [11]. In the work,
the optimal conditions for the transition of lead into
solution (85%) were determined, while the leaching
of copper into solution was minimal (26%). In the
next step, the solid residue could be treated using
H,SO, solutions to extract the copper.

In another paper [12], an environmentally
friendly hydrometallurgical process for the recovery
of copper, nickel, and cobalt from copper-enriched
converter slag using organic acids was proposed. In
order to optimize copper leaching, the authors of
the work varied such parameters as acid
concentration, slurry density, temperature, and
process time. Optimal extraction of 99.1% Cu, 89.2%
Ni, 94% Co and 99.2% Fe was achieved in 9-10 hours
at 35°C, pulp density 15% using 2N citric acid, and
particle size <45 um.

The authors of [13] studied the characteristics of
Cu, Co, Zn, and Fe extraction from Kiire-Kastamonu
Historical Copper Slag (KHS) by oxidative leaching
under pressure using a sulfuric acid-based leaching
additive. The samples used in the leaching tests
averaged 0.84% Cu, 0.34% Co, 0.23% Zn, 2.90% Al,
0.70% Ca, 1.30% S and 42.80% Fe. It was found that
metal recovery increased with increasing

temperature and sulfuric acid concentration.
However, high acid concentrations led to gel
formation, which caused filtration problems. Under
optimal conditions, the recovery efficiency of cobalt,
copper, and zinc from KHS was 96.82, 92.85, and
93.44%, respectively.

S.N. Vinogradov Institute of Microbiology of the
Russian Academy of Sciences proposed the process
of non-ferrous metals leaching [14] from slag by
trivalent iron sulfate obtained with the help of iron-
oxidizing chemolithotrophic bacteria, which allowed
fully enough convert non-ferrous metals to the
liquid phase for 1.0 hour at 70°C. At the same time
extraction of copper in the solution reached 90%,
nickel - 88%, cobalt - 67%, and extraction of iron in
the solution was only about 30%.

As a result of the analysis of studies in the field
of technologies aimed at extraction of valuable
components from copper production slags by
hydrometallurgical methods the following was
revealed:

— in recent years, domestic and foreign
scientists have proposed a large number of
promising methods for extracting valuable
components from copper slag, but none of them has
gone beyond the laboratory and semi-industrial
tests;

— the main trend in the processing of copper
slag with inorganic acids is a certain pretreatment of
the material, which will ensure the use of low
concentrations of leaching agents, which is intended
to make the process more environmentally friendly;

— much emphasis is now being placed on
introducing "green technologies" into production:
this is an environmentallv safe and economicallv
competitive approach to the extraction of non-
ferrous metals from cooper slag. in which organic
acids and microorganisms are preferred to inorganic
acids.
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TYAIHAEME

Kasipri 3amaHgafbl 6ap/iblk cananapaa metanaapablH, MaHpi3bl eTe 30p. MUHepanablK-WMKi3aT
6a3acblHblH, CapKplaybiHa 6GalNaHbICTbl KeHAEPAEH KyHAbl KOMMOHEHTTEPAi anyAblH, KaHa
a4icTepiH  23ipney KoaHe KO/NAaHbICTafbl dicTepAi OHTalMNaHAbIPY KaxKeT.  MbICTbIH,
MEeTaNTYPruAblK KOKAAPbIH KEWeHAi KaiTa eHAey faHa pecypcTapAbl KainbiHa KeNTipy KaHe
KaNAblFbl a3 TEXHONOTUANAP ¥KacayFa MYMKIHAIK 6epegi, ByHbIH opacaH 30p 3KOHOMMWKa/bIK,
3KONOTUANBIK KaHE dNeYMEeTTiK MaHbI3bl 6ap. MMApPOMeTannyprusanbiK TEXHONOTMANAP MeTanapl
OHAIpY BAICIH a3ipaey XKaHe TaH4ay KesiHAe XKYWeHiH, epeKLue )afaainapblH JKaHe MeTangapabiH,
bOU3MKa-XMMUANDBIK KacueTTepiH eckepeai. byn makanaga 6eilopraHuMKanblk KblWKbIALAP MEH
3KONOTMANBIK Ta3a peareHTTepai KoigaHa oTbipbin, epiTiHaginey (walimanay) apKblabl Mbic any
YWiH KONAAHbINATbIH TEXHONOTUANAPAbIH, Ka3ipri ¥KaFaaibl MeH gamy nepcneKkTuBanapbiHa Wony
»Kacanagpl. D4iCTep WapTTbl TYPAE eKi TonKa 6eniHreH. AiTbinFaH 3epTTeyaep MeTannyprusablk
KOXAbl OHAEY MICeneciH Wewyre aluTapablKTali yaec KOCTbl, AEreHMEH TEXHONOrUANApAbIH,
€LUKANCbIChl 3ePTXaHANbIK, KIHE KapTblaali OHEPKACINTIK CbiHAKTap LWeHOepiHEeH LUbIKKAH YKOK.
Kasipri kesge maTtepuangbl anablH ana benrini 6ip eHaey KesiHAe KONAaHbINATLIH epiTiHainey
areHTTepiH narganaHyblHbIH, TEMEHAEY YPAICi, COHbIMEH KaTap "Kacbln TexHonoruanapabl" KeH,
TypAe nakipanaHy 6aikanasbl. MyHblH 69pi KEH WKKI3aTbIH YTbiMAbl NaliganaHy npobnemacbiH
LWeLlyre }aHe MaTepuanaapablH, alHaNbIMbIHbIH, TYPAKTbINbIFbIH apTTbIpyFa BafbITTanfFaH.
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AHHOTALUMUA

MeTannbl BaXkHbl BO MHOTUX COBPEMEHHbIX OTPAc/sAX. [0 NPUYMHE UCTOLLEHUA UX MUHEPaNbHO-
cblpbeBOi  6asbl, HEOOXOAMMO afanNTMPOBaTbCs, 3HAYMT  paspabaTbiBaTb HOBblE W
ONTMMM3MPOBATL CYLLECTBYIOLLME METOAbl M3BJEYEHUSA LEHHbIX KOMMOHEHTOB W3 PYAHbIX
maTtepuranos. TONbKO KOMM/IeKCHan nepepaboTka MeaHbIX METaNyPruyeckmx WAaKos No3BOAUT
pewunTb 3a4a4y BOCCTAaHOB/IEHMA PECYPCOB M CO3AaHMA MAsIOOTXOAHbIX TEXHOOTUIA, UMEIOLLYIO
OrPOMHOE 3KOHOMMWYECKOE, IKO/IOTUYECKOE U COLMANbHOE 3HayeHue. [MapomeTannypruyeckme
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M3BJIeYEHU Meau BbllenadnBaHMemM C NPUMEHEHNEM HEOPraHUYECKUX KMCIOT U SKONOMMYECKM
6e30MnacHbIX pPeareHToB, MeTOAbl YCIOBHO MNOAENEHbl Ha [ABe rpynnbl. [lepeyncneHHble
MCCNea0BaHMA BHEC/IU CEPbE3HBIN BKAAZ B pelleHne npobaemsl nepepaboku MmeTannypruyecknx
WNAKOB, OAHAKO HM OAHAa M3 TEXHONOMM He BblWAa 33 PaMKM NabopaTopHbIX W
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ABSTRACT

lodine is an essential micronutrient for humans and animals due to its important role as a component
of thyroid hormones. Kazakhstan is a country, most regions of which suffer from a natural deficiency
of iodine. At the same time, the country has a rich resource base for obtaining iodine and its
compounds. These are formation waters of oil fields under development containing 0.001-0.005%
iodine. To extract iodine from natural oil-field brines, we have proposed ion-exchange materials
obtained from the waste of the oil refining industry. The article presents the results of studying the
characteristics of iodine sorption in the synthesized ion exchangers. The synthesis of ion exchangers
was carried out by polycondensation of dihydric phenols (1,3 dioxybenzene, 1,2 dioxybenzene, 1,4
dioxybenzene), hexamethylenediamine, and formaldehyde. The following sorption characteristics of
iodine by the synthesized ion exchangers were studied: the influence of the pH of a solution on iodine
sorption; kinetic curves of iodine sorption; iodine sorption isotherms; mechanism of iodine sorption.
It has been established that the sorption of iodine on the synthesized samples is essentially
independent of the pH of a medium, and the degree of its extraction in the entire area under study
is 94-100%. Studies have been carried out on the dependence of the degree of extraction and the
logarithm of the iodine distribution coefficient on the duration of the process. The sorption capacity
of the synthesized ion exchangers with respect to iodine was estimated depending on the structure
of the ion exchanger and sorption conditions. It has been established that sorbents based on 1,4
dioxybenzene, which are distinguished by high kinetic abilities and static exchange capacity (SEC =
2283.88 mg/g), are most preferable for iodine extraction. The mechanism of sorption of iodine by
synthesized ion exchangers has been determined.

Keywords: iodine sorption, sorption capacity, synthesis of ion exchangers, sorption isotherm, iodide
leaching, iodine.
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Introduction

lodine is an essential micronutrient for humans
and animals due to its important role as a
component of thyroid hormones [1]. Kazakhstan is a
country, most regions of which suffer from a natural
deficiency of iodine. This is due to natural and
climatic conditions, due to which iodine can scarcely
be found in foods of plant and animal origin [[2], [3]].
At the same time, the country has a rich resource
base for obtaining iodine and its compounds. These
are formation waters of oil fields under
development containing 0.001-0.005% iodine [4].

Interest in iodine sorption was caused by the
possibility of using natural iodine-containing raw
materials for processing, as well as the prospect of
using iodide solutions in the technology of gold
recovery [[4], [5]].

The implementation of the iodide method of
gold leaching is possible in the development of
effective, including sorption methods for extracting
iodine from iodine-containing natural solutions. The
efficiency of sorption strongly depends on soil types
and their characteristics. While sorption of iodide
dominates in mineral soils with a low content of
organic carbon, soils rich in organic matter are more
favorable for the sorption of iodate [6].

Various ion exchangers from activated carbons
[[71, [8], [9], [10]] to synthesized ion exchangers [11,
12] are used for sorption recovery.

Thus, the organization of regeneration of iodine-
containing solutions, as well as replenishment of
irretrievable losses of iodine due to its extraction
from natural sources by highly efficient sorption
methods, is an important scientific and practical
task.

Experimental Part

To extract iodine from natural oil-field brines,
we have proposed ion-exchange materials obtained
from the waste of the oil refining industry.

Sorption of iodine from aqueous iodine-
containing solutions was carried out on synthesized
ion exchangers.

The method for obtaining synthesized ion
exchangers. The synthesis of amine-containing ion

exchangers with a spatial structure of mixed basicity

was carried out by polycondensation of dihydric
phenols (1,3 dioxybenzene, 1,4 dioxybenzene, 1,2
dioxybenzene), and
formaldehyde [13].

The method for obtaining synthesized ion
exchangers. The synthesis of amine-containing ion
Hexamethylenediamine was used in the synthesis
process as a hardener for the resulting resins, and
formaldehyde was used as a crosslinking agent.
Ammonium hydroxide, nitric and phosphoric acids,
and hydrogen peroxide were used as catalyzing and
modifying additives. The latter are involved in the
process not only as catalysts but also as reagents
that facilitate the introduction of additional
ionogenic groups into the polymer structure. The
following sorption characteristics of iodine by the
synthesized ion exchangers were studied: the
influence of the pH of a solution on iodine sorption;
sorption kinetics; sorption isotherms; mechanism of
iodine sorption.

hexamethylenediamine,

Results and Discussion

Influence of the pH of a solution on the results
of iodine sorption.

The sorption of iodine was studied from
aqueous solutions with a concentration of ~200
mg/dm?3 in a wide range of pH values for 24 hours.

The results of the sorption of iodine from its
solutions by synthesized ion exchangers depending
on the pH of the medium are shown in Table 1 and
Figure 1.

Studies have shown that the sorption of iodine
on the synthesized samples is essentially
independent of the pH of the medium, and the
degree of its extraction in the entire area under
study is 94-100% (Table 1, Figure 1).

Influence of the duration of the sorption
process on the extraction of iodine.

Sorption of iodine (kinetic curves of iodine
sorption) was conducted under the following

conditions: C|2 =200.58 mg/dm?3; Vsoiution= 500 cm?;
Mion-Exchanger = 0.0998 g; pH 7.4. The results of the
influence of the duration of the sorption process on
the extraction of iodine are shown in Table 2 and
Figure 2.
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Table 1 — Influence of the pH of the solution on the results of iodine sorption by amine-containing ion exchangers

lon o Static
ocunger | PO | Com || ek | S| o
code
mg/g
2.25 11.48 82199.95 4.92 943.66 94.27
1 4.04 9.11 104884.03 5.02 955.49 95.45
5.11 6.65 145531.01 5.16 967.78 96.68
7.85 5.97 162676.35 5.21 971.18 97.02
2.25 1.90 521846.05 5.72 991.51 99.05
2 4.04 1.04 957503.07 5.98 995.80 99.48
5.11 - - - 1001.00 100.00
7.85 - - — 1001.00 100.00
2.25 3.02 326461.29 5.51 985.91 98.49
3 4.04 2.34 422781.92 5.63 989.31 98.83
5.11 1.90 521846.05 5.72 991.51 99.05
7.85 1.54 645003.70 5.81 993.31 99.23
Note: polymeric ion exchangers are synthesized on the basis of: 1 — 1,3 dioxybenzene, 2 — 1,4 dioxybenzene, 3 —
1,2 dioxybenzene

100 o SE—
99 &—
98
97 —e
96

95

93
pH
——1 2 3
1-1,3 dioxybenzene; 2 — 1,4 dioxybenzene; 3 — 1,2 dioxybenzene

Figure 1 — Influence of the pH of stock solutions on the sorption of iodine by amine-containing ion exchangers

Table 2 — Dependence of the results of iodine sorption by synthesized ion exchangers on the duration of the process

lon C equitbriom Static
exchanger T, hour ’ Kp, mL/g Ig Kp Exchange €%
mg/dm3 .
code Capacity, mg/g

3 38.71 20949.85 4.32 810.97 80.7

9 20.46 44105.63 4.64 902.40 89.8

1 15 9.23 103863.86 5.02 958.66 95.4

21 7.62 126614.17 5.10 964.80 96.2

27 7.02 138138.97 5.14 969.74 96.5

3 5.22 187500.68 5.27 978.75 97.4

9 - - - 1004.91 100.0

2 15 - - - 1004.91 100.0

21 - - - 1004.91 100.0

27 - - - 1004.91 100.0

3 28.08 30777.24 4.49 864.23 86.0

9 14.24 65559.23 4.82 933.56 92.9

3 15 7.42 130422.04 5.12 967.73 96.3

21 3.21 308044.76 5.49 988.82 98.4

27 - - - 1004.91 100.0

Note: polymeric ion exchangers are synthesized on the basis of: 1 — 1,3 dioxybenzene, 2 — 1,4 dioxybenzene, 3
—1,2 dioxybenzene.
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Figure 2 - Dependence of the degree of iodine extraction on the duration of the process

Table 2 and Figure 3 show that preference
should be given to the ion exchanger based on 1,4
dioxybenzene, whose sorption kinetic curves are the
highest. The maximum extraction of iodine by
sorption by the ion exchanger based on 1,4
dioxybenzene is achieved in 9 hours, while it takes
27 hours or more to obtain the same result with 1,3
dioxybenzene, 1,2 dioxybenzene ion exchangers.

lon exchange isotherms. lon exchange
isotherms were built by the method of variable
concentrations using the same volumes of iodine-
containing solutions (0.5 dm3) and weighed portions
of ion exchangers (0.1 g) for 27 hours. The pH value
of the solutions was maintained in the found optimal
range. Sorption isotherms and dependences of the
logarithm of the iodine distribution coefficient are
presented in Table 3 and Figure 3.

Table 3 - Results of iodine sorption by synthesized ion exchangers depending on its initial concentration

Static
lon e;(;:gznger C initiat, mg/L CE:}:'g}rl'_um’ Ko, mL/g Ig Kp E):;haacri]tgy? €%
mg/g

110.41 2.32 233185.8 5.37 540.99 97.9

200.58 7.02 138139.0 5.14 969.74 96.5

1 305.32 32.15 42526.2 4.63 1367.22 89.5
401.13 97.48 15590.6 4.19 1519.77 75.7

500.88 188.06 8325.4 3.92 1565.67 62.5

603.24 283.14 5658.3 3.75 1602.10 53.1

110.41 - - - 552.60 100.0

) 200.58 - - - 1003.60 100.0
305.32 1.26 1207795 6.08 521.82 99.6

401.13 11.90 163705.7 5.21 1948.10 97.0

500.88 68.78 31443.2 4.50 2162.66 86.3

603.24 146.92 15545.1 4.19 2283.88 75.6

110.41 - - - 552.60 100.0

200.58 - - - 1003.60 100.0

3 305.32 8.76 169438.4 5.23 1484.28 97.1
401.13 60.90 27961.5 4.45 1702.85 84.8

500.88 146.54 12102.3 4.08 1773.47 70.7

603.24 240.32 7558.3 3.88 1816.42 60.2

Note: polymeric ion exchangers are synthesized on the basis of: 1 — 1,3 dioxybenzene, 2 — 1,4 dioxybenzene, 3 —
1,2 dioxybenzene, pHinitial ~ 7.4
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Figure 3 - Isotherms of iodine sorption by amine-containing ion exchangers

It can be seen from the data obtained that the
isotherms of sorption of iodine on ionites have a
convex (Cequiibrium > 1) shape. The slopes of the
logarithmic dependences of the distribution
coefficients of iodine on its initial concentration in
an aqueous solution slightly differ from each other,
which allows us to make an assumption that the
mechanism of halogen sorption by all synthesized
ion exchangers is identical. The apparent equilibrium
constants for iodine can be arranged in the following
series:

Cequilibrium 2 > CEquitibrium 3 > C Equilibrium 1,

where indices 1-3 denote the corresponding codes
of the synthesized ion exchangers.

Figure 4 shows the comparative sorption
characteristics of the synthesized ion exchangers.
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It can be seen that the sorption capacity of all
synthesized ion exchangers for iodine is high and
exceeds 1600 mg/g. The ion exchanger synthesized
on the basis of 1,4 dioxybenzene has the best
sorption characteristics (Static Exchange Capacity =
2283.88 mg/g).

The results obtained significantly exceed the
sorption rates of the highly basic anion exchanger
AV-17 (Static Exchange Capacity = 300 mg/g), which
is widely used in the iodine-bromine industry, as well
as those of EDE-10P (Static Exchange Capacity = 500
mg/g) [13].

To establish the mechanism of iodine sorption,
the IR spectra of sorbents were studied (Figure 5).

2283,88

2

lon exchangers

1816,42

1-1,3 dioxybenzene; 2 — 1,4 dioxybenzene; 3 — 1,2 dioxybenzene

Figure 4 - Sorption characteristics of synthesized ion exchangers in relation to iodine
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Figure 5 - IR spectra of sorbents

After the contact of ion exchangers with a
sulphate solution of potassium iodide, the spectra
show changes at 1700-1300 cm™, where C=C
valence bonds and deformation —C-H groups
appear.

The increase in the intensities of the absorption
bands of bending vibrations of -CH3 and —CH; groups
(30002800 cm?) is also associated with iodine
sorption. The coordination of iodine to the nitrogen
of the amino group is shown by changes in the
spectra at 1100-1200 cm™.

Thus, it can be concluded that the sorption of
iodine by ion exchangers is carried out through a
mixed mechanism: ion exchange mechanism, i.e. the
extraction of iodide ion, and the coordination one,
i.e. the sorption of elemental iodine, which leads to
a significant increase in the capacitive properties of
sorbents compared to known industrial ion
exchangers.

Conclusions

The results obtained made it possible to draw
the following conclusions:

— the sorption of iodine on the synthesized
samples is essentially independent of the pH of the

medium, and the degree of its extraction in the
entire area under study is 94-100%.

— sorption kinetic curves of the synthesized ion
exchange resin based on 1,4 dioxybenzene are the
highest in comparison with 1,2 dioxybenzene and
1,3 dioxybenzene ion exchangers. The maximum
extraction of iodine by sorption with an ion
exchanger based on 1,4 dioxybenzene is achieved in
9 hours.

— the sorption capacity of all synthesized ion
exchangers for iodine is high and exceeds 1600
mg/g. The ion exchanger synthesized on the basis of
1,4 dioxybenzene has the best sorption
characteristics (Static exchange capacity = 2283.88
mg/g).

— the sorption of iodine by ion exchangers is
carried out through a mixed mechanism: ion
exchange mechanism, i.e. the extraction of iodide
ion, and the coordination one, i.e. the sorption of
elemental iodine, which leads to a significant
increase in the capacitive properties of sorbents
compared to known industrial ion exchangers.
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CuHTe3penreH MoHUTTEpAeri noa, copbumnacbiHbIH CMNaTTamanapbliH 3epTrey
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TYAIHAEME

Nopa apam KoHe KaHyapnapablH, KaiKaHwa 6e3iHiH, MaHbl34bl KOMMNOHEHTI peTiHae MaHbI3abl
MWKpPO3/eMeHT 6onbin Tabblnagpl. KasakcTaHHbIH, KenTereH amakTapbiHAA MOATbIH, Tabusu
TanwsoliNbifbl 6arikanaabl. Dutceae, pecnybankaga Mog NeH OHbIH, KOCbIHAbINAPLIH anyapiH, 6ai
pecypcTbik 6asacbl bap — 6yn KypambiHaa 0,001-0,005% iogn 6ap eHAipineTiH MyHaW KeH
OpbIHAAPbIHbIH, KabaT cynapbl. Taburn bypFbliay cynapbiHaH hog, any ywiH 6i3 myHal eHaey
OHEepKaCibiHiH, KanaplKTapblHaH anblHFAH WMOH a/AMacTbipFbill MaTepuangapapl  YCbIHAbIK,.
MaKanaga cuHTe3genreH WoHUTTepAeri uog, CopbUMACHIHbIH,  CMMATTaManapbiH - 3epTrey
HaTMXKenepi KenTipinreH. MoH anmacTbipfFbiluTapablH, CUHTE3i eki aTomabl deHongapabl (1,3
avokeunbeHson, 1,2 auokcubeHson, 1,4 AMOKCMBEH30A), reKcaMeTUNeHAMAMUH  KaHe
bopmanbaernaTti NoNMKOHAeHcauusanay apKblibl Ky3ere acbipbligbl. CUHTE3genreH WOoH
a/IMacTbIPFbILITAPMEH MOATbIH, Keneci copbumanbik cunatramanapbl 3epTTenfi, onap: UOATbIH,
copbumanaHybiHa epiTiHAIHIH, pH acepi; MoATbIH, COPOLMANAHYbIHBIH KUHETUKANbIK KUCbIKTapbI
(cbI3bIKTapbI); MOATLIH cOPbLMA U30TEPMANapbl; MOATbIH, cOpbuManaHy mexaHusmi. CuHTesgenreH
yArinepaeri noaTbIH, copbuMAChI ic Ky3iHAEe opTaHblH pH-HA Tayenai emec ekeHi, an oHbIH ByKin
3epTTey alimarbiHAafbl 6enin any gapexeci 94—-100% KypaiiTbiHbl aHbIKTanAbl. MoATbIH 6enin any
[A9PEeXeciHiH, XaHe Tapany KoapduLUMeHTIHIH, norapudmiHiH, npouecc y3aKTbifbiHa Tayenainiri
3epTTengdi. CUHTe3aenreH MOH aNMacTbIpFbilTapAblH, MOAKA KaTbICTbl COPOUMANBIK KabineTTiniri
MOHANIMACTbIPFbILTLIH, KYPbINbIMbIHA XaHe copbuusa KafgainapbiHa GainaHbiCTbl GaFanaHabl.
MoaTbl 6enin any yiuiH »ofapbl KMHETUKa/bIK XaHe CTaTUKanbIK anmacy KabinetTiniriimen (CAK =
2283,88 mr/r) epekweneHeTiH 1,4 anoKcMbBeH30n HerisiHaeri copbeHTTep Konanbl 60aTbiHbI
aHblKTanapl. CUHTE34eNreH MWOH  aNMacTbIPFbIlUTaPMEH  MOATbI  copbumanay  MexaHwsmi
aHbIKTanApl.

TyiiiH ce30ep: nopa copbumacbl, COPOLUUANBIK, CbiibIMAbBIIbIK, MOHAIMACTbIPFbILTAPAbIH, CUHTESI,
copbuua n3oTepmachl, MOAUATI Wamanay, nog.
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AHHOTALUMUA

Nopa ABNAETCA BaXKHbIM MWKPO3/IEMEHTOM AA NOAEN U KMUBOTHbIX M3-3a €ro Ba)KHOW posu B
KayecTBe KOMMOHEHTAa FOPMOHOB LWMTOBMAHOW Kenesbl. KasaxcTaH fABAAETCA CTpaHOW, B
60/IbLIMHCTBE PErroHOB KOTOPOro Habnogaetca npupoaHbi aedpuumnt nopa. B To ke Bpems
pecnybnvka obnagaet 6oraToit cbipbeBoit 6a3oi ANA NoAyYeHUA Moaa U ero CoeMHeHUn — 3To
nnacTtosble BOAbl pa3pabaTbiBaeMbix HEPTAHbIX MECTOPOXKAEHUN, cogepxawme 0,001-0,005 %
nmogda. [ns uv3BneyeHUa unoda W3 NPUPOAHbIX OYpOBbIX BOA HaMu 6binn  NpeanoXKeHbl
MOHOOOMEHHbIE ~ MaTepuanbl, MONy4YeHHble W3  OTXoAO0B  HedTenepepabatbiBatoLLeit
NPOMbILWAEHHOCTU. B cTaTbe NPUBOAATCA pe3yabTaTbl U3yYeHMe XapaKTePUCTUKM copbLummn noaa B
CUHTE3UPOBAHHbIX MOHWUTaX. CUHTE3 MOHWUTOB OCYLLECTBASAN NOJIMKOHAEHCAUMEN ABYXAaTOMHbIX
deHonos (1,3 anokcnberson, 1,2 anokecnbeHson, 1,4 AMOKCMBEH30M), reKcaMeTUNeHAMAMUHA U
dopmanbaernaa. Bbinn  M3ydeHbl cneaytolme COpOUMOHHbIE  XapaKTEPUCTUKM  MoAa
CUHTE3UPOBAHHLIMM MOHUTAMK: BAMAHWE pH pacTBopa Ha CopbLUMIO MOAA; KNHETUYECKUE KpUBbIE
copbuun noaa; n3oTepmbl copbLMM Moaa; MexaHM3m copbLmmn noaa. YCTaHOBNEHO, YTO copbuus
MoJa Ha CMHTE3NPOBAHHbIX 06pasLax MNPaKTUYECKM He 3aBUCUT OT pH cpeapl, M CcTeneHb
N3BNEYEHMA ero Bo BCell uccnegyemoit obnactu coctasnnet 94-100 %. MpoBeaeHbl UccneaoBaHma
33aBUCUMMOCTU CTeneHW usBnevyeHus u norapudpma KoadpduumeHTa pacnpegeneHnsa uoga ot
NpPoAoMXKUTENBHOCTM nNpouecca. OueHeHa copbuMOHHAA CNOCOBHOCTb CUHTE3MPOBAHHbIX
MOHMTOB MO OTHOLWIEHWIO K MOAY B 3aBUCMMOCTM OT CTPYKTYPbl MOHUTA M YyCNOBWIA copbumu.
YCTaHOB/IEHO, YTO NPU U3BNEYEHWUM MoAa Hanbonee nNpeanoYTUTENbHbI COPObEHTbI Ha ocHoBge 1,4
AMOKCMBEH30/1a, OT/INMYAIOLLMECA BbICOKUM KUHETUYECKMMMU CMOCOBHOCTAMM U CTATUYECKOMn
obmeHHOM emKocTblo (COE = 2283,88 wmr/r). OnpegeneH mexaHusm copbumn unoaa
CUHTE3UPOBAHHBIMN MOHUTAMMU.

Knrouyesoie cnosea: copbumsa noaa, copbumoHHas emMKOCTb, CUHTE3 MOHUTOB, M30TEPMA COpBLMM,
MNOANAHOE BbllLeNaunBaHue, oa.
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ABSTRACT

It is shown that the complexity of Kazakhstan's oils requires specific ways to protect oil pipelines
from damage caused by metal corrosion. Even the presence of only paraffin in oil can cause
sedimentation effects in the volume of liquid (Dorn effect). And the complexity in the molecular
composition of oil causes electrophoretic impacts that lead to increased corrosion rate. All this
should be considered when developing corrosion protection. The physical and mathematical
analysis of possible mechanisms of electrophoretic mobility of components with the participation
of liquid systems was carried out. In such a system with ions content, the macroscopic object will
move as a charged particle having the same charge sign as the skeleton. The triboelectric effects
on the metal/organic liquids (oil, fuel oil, etc.) boundary have been analyzed to determine their
influence on the corrosion of pipeline metals. There are many methods used for temperature-
strength control of reinforced concrete structures globally. Their majority is associated with the
significant challenges of being time-consuming, costly, and prone to errors. Therefore, this study
investigated the potential applicability of the surface-strength approach of specimens using non-
destructive testing methods to derive temperature-strength relationships as an alternative
approach to the currently widely used methods.
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Introduction

In the scientific and technical literature, there
are many points of view on determining the number
of metals and liquid particles. However, the
micromechanism of this reaction is not fully
restored. But knowledge of this mechanism is
necessary to create adequate internal protection of
pipelines from the collision. An analysis of the
current state of science shows that it is dominated
by electrochemical and chemical approaches to the
problems of assimilation of oxygen atoms and the
composition of other liquid phases in a stable and

often chemically very stable structure of metals and
alloys. In the world literature, there is a huge
amount of experimental data on redox processes,
which leads to the conclusion that it is necessary to
somewhat rethink the mechanism of oxygen
incorporation into stable structures. In addition,
there is a need to take generalizing conclusions from
the works of M. Faraday as a theoretical basis for
research in this scientific direction, which are now
beginning to play a decisive role in the development
of ideas about the nature of the chemical bond and
the practical application of electrochemical
processes.
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In the 20th century,
experimental material was accumulated, which

a huge amount of

confirms the correctness of M. Faraday's views on
the effect of electric current on chemical reactions.
Key points and main theses of the works of M.
Faraday:

1. Identity of energy manifestations in the
interaction of material objects.

2. Discrete nature of the electric current.

The statement about the identity of energy
manifestations in the interaction of material objects
provides a basis for revising scientific statements
about the mechanism of heat exchange (and, in
general, energy exchange) between material
objects. There is reason to believe that it is necessary
to have an idea about the features of the
microstructure of condensed systems and the
influence of the liquid microstructure on the
transport of electric current in the system.
Obviously, there is a need for a more detailed study
of the microstructure of alloys and other solid
objects to increase the effectiveness of technical
solutions for protecting metals from corrosion.

Especially many questions arise when
considering the problems of corrosion. According to
scientific and technical literature, the following
types of corrosion are known:

- continuous corrosion: Corrosion covering the
entire surface of the metal;

- uniform corrosion: Continuous corrosion
proceeding at the same rate over the entire surface
of the metal;

- non-uniform corrosion: Continuous corrosion
proceeding at different speeds on different parts of
the metal surface;

- local (local) corrosion: Corrosion covering
certain parts of the metal surface;

- pitting corrosion (Pitting): Local corrosion of
the metal in the form of individual pitting.

The term "corrosion mechanism" means a
combination of factors that are both of a chemical
nature (corrosion mechanism in the "classical" sense
- carbon dioxide, hydrogen sulfide, mixed, etc.) and
related to the technological features of pipeline
operation (speed and flow structure, various
disturbances in the flow characteristics associated

with any technological processes at associated

objects). "Mechanism of corrosion” defines the
causes, corrosion rate of the pipeline, localization
and nature of corrosion damage.

The corrosion mechanism is determined by the
following factors that need to be evaluated before
developing corrosion protection methods.
Chemical composition of transported products:

- pH value (pH);

- the concentration of carbon dioxide;

- hydrogen sulfide concentration;

- oxygen concentration;

- ionic composition of the aqueous phase;

- bio injection;

- component composition of the gas phase;
component composition of the liquid hydrocarbon
phase [1].

Phase composition of products:

- the proportion of water;

- share of gas;

- the concentration of mechanical impurities [1].
Flow characteristics:

- product consumption;

- flow rate;

- flow structure;

- the presence of an extended water sublayer;

- the existence of local water accumulations;

- the possibility of alternate wetting [1].
Technological characteristics:

- Temperature;

- Pressure;

- Possibility of contact with process fluids.
Corrosion characteristics:

- accident rate due to internal corrosion;

- corrosion rate according to non-destructive testing
data;

- corrosion rate from corrosion monitoring results;
- design corrosion rate;

- localization of corrosion defects along the pipe
section and the pipeline route [1].

Joint consideration of the classification of types
of corrosion and the factors necessary to determine
methods of protection against corrosion lead to the
following conclusion: the formulation of the concept
of "corrosion mechanism", the classification of types
of corrosion, and factors affecting the corrosion
process, do not apply to the analysis of the
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mechanism of a chemical reaction leading to the
introduction of atoms oxygen and other chemical
elements into the metal microstructure. The results
of metal corrosion destruction and technological
factors influencing the destruction rate are
considered.

About 4% of the connecting pieces used in the
construction of oil pipelines in the 1950s—1970s
were manufactured in the field. Despite the fact that
in recent years the number of such parts has
significantly reduced, failures associated with their
lack of reliability occupy a noticeable share in the
total number of failures in the system of oil trunk
pipelines. The purpose of this work is to analyze the
typical causes of failure of connecting parts using the
example of a tee bend with a reinforcing plate. The
authors carried out structural and fractographic
studies of the defective structure [4]. On the basis of
information about the operating conditions and the
actual characteristics of the bent metal, as well as
data on the centers of destruction and the nature of
crack propagation, computer modeling of the stress-
strain state of the part was carried out. Based on the
results of metallurgical studies and computer
modeling, it was established that the cause of the
formation through a crack in the weld at the junction
of the main oil pipeline and the reserve branch was
excess stresses in the area of welding of the
reinforcing plate to the branch, exceeding the

tensile strength of the material of the tee branch
pipe [2].

An analysis of the current state of research on
the development of methods for protecting metals
from corrosion of oil pipelines shows that much
attention in these studies is paid to electrochemical
methods of protecting metals from environmental
influences [3].
systems,

However, in multicomponent

combined electrochemical reactions
require in-depth study. This is because when
exposed to aggressive media on steel structures,
many corrosions occur together. This leads to severe
accidents on industrial oil pipelines. For example, an
underwater fire occurred in the Pemex offshore

pipeline in the Gulf of Mexico [5].

An analysis of our studies of chemical processes
at the phase boundary of multicomponent systems
showed that in some cases, the onset of chemical
reactions is influenced by triboelectric effects that
occur when individual parts of the system move
relative to each other. Therefore, this article
discusses some aspects of this phenomenon when
pumping oil through main pipelines [6].

Experimental technique

We have shown that substances' physical and
chemical properties are determined by the structure
of primary elements of the microstructure -
"chemical individuals". And thanks to a detailed
study of changes occurring in the microstructure,
which is reflected in changes in the properties of the
macroscopic formation, tribology allows us to
calculate the amount of heat generation, durability,
and wear and tear of structures, model interacting
surfaces, solve the problems of boundary
hydrodynamics and in the future to obtain materials
with the given properties. In addition, the study of
the tribolic effect will allow the causes of various
undesirable processes, such as the destruction of
materials due to corrosion and others [7].

It is known that tribolytic effects electrify and
generate heat, which requires clarification of heat
transfer processes at the micro-micro level. To
determine the tribolytic impacts of oil and oil
products, the oil composition of the Mangystau field
in the Ozenmunaigas field was determined [8].

In this respect, oil and oil products have a special
place, which differs in physical and chemical
characteristics. The elemental composition of the
investigated oils is summarized in Table 1. By sulfur
content, the oil belongs to the second class. In terms
of elemental composition, oils differ in sulfur
content. In oil, the oxygen content increases from
2.6 to 9.4% mass, nitrogen from 0.3 to 2.2% mass.
The elemental composition of Ozenmunaigas JSC oil
is given in the table. The main components of oil are:
carbon 84-85.8%, hydrogen 12.0-13.6%, nitrogen
0.2-0.4, sulfur 1.4-2.0, oxygen 1.1-1.4 % and others.

In this case, the light fraction is made up of alkanes
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Table 1 - Elemental composition of oil "JSC" Ozenmunaigas

Oil samples Contents of elements, % Others,%
C H N S (0]
Sample A 84.1 13.6 0.4 1.8 1.4 2.1
Sample B 85.0 12.8 0.2 2.0 1.1 0.3
Sample C 84.8 12.0 0.2 1.4 1.1 0.5
Table 2 - Physicochemical characteristics of oil in the Mangystau region
Name Oil1 Qil 2 Qil 3
View Dark Brown Dark Dark Brown
Density at 200C, g/cm3 0.816 0.844 0.864
Water Content,% 0.6 0.7 0.8
The concentration of chlorides, mg/I 450 560 600
Kinematic viscosity, mm2/s(20°C) 56 60 64
Solidification temperature,’C 15- 20 18-21 14-18
Flashing point in the closed crucible,’C 58 56 60
Coking,% 4.6 4.8 5.0
Residual f locki 200
; eS|du.a after  overclocking  320°C, 540 570 584
including. (%):
Paraffin-Naphtens 46.0 435 1.4
Arena 36.0 34.5 34.6
Resins 6.0 7.0 7.0
Asphaltenes 4.0 5.0 6.0
Others 8.0 10.0 11.0

with the number of carbon atoms C1-C11 (normal
alkanes 40-50%). Paraffins with carbon atoms C12-
C17 make up 20-25% of oil. The content of
naphthenic hydrocarbons ranges from 25 to 55%.
Resins and asphaltenes contain solids, including
porphyrins and other undeciphered substances. [8]

Although oil and products are derived from
petroleum fuels, oils are dielectrics under normal
conditions. When their fractions move relative,
electrostatic charges arise. The experimental values
of the specific electrical conductivity of oil and oil
products in laboratory conditions allow us to judge
their dielectric nature (Table 2) [9].

Electrophysical properties of oils and petroleum
products are currently insufficiently studied,
especially regarding the movement of individual
liquid components relative to each other. In the
transportation process in the volume of oil and
petroleum products, due to the complex
microstructure and certain heterogeneity of the
macrostructure, electrostatic charges can be
formed. In this case, the potential difference
between the individual sections of the fluid volume

may be quite significant. The accumulation of
electrostatic charges can ultimately be realized as a
spark discharge, a chemical process, etc. This leads
to ignition of oil products, destruction of pipelines,
and premature failure of equipment parts. [[10],
[11], [12]].

Functional analysis of these complex systems is
necessary to determine the influence of the oil
structure on their physical and chemical
characteristics. IR spectra of some samples of oils in
Kazakhstan have been taken. Below infrared spectra
of initial highly paraffinic oil samples and asphalt-
resinous paraffinic deposits are presented. Asphalt-
paraffin component is manifested in infrared spectra
of initial oil. Therefore, this component plays a
decisive role in the physical and chemical
transformations that occur during oil movement in
the pipeline. The following functional groups in the
range 2916.70 have been revealed -2848.81 cm™ -
(CH2)-; 1461.75 cm?® — CHs-; 719,44 cm™ - (CH);
2916.70 -2848.81 cm™ -(CH,)-; 1461.75 cm™* — CHs-.
[13].
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Table 3 - Values of specific electrical conductivity of oil and oil products

Oil and petroleum products

Specific Electroconductivity, Cm-m.

Oil Uzenmunaigas

1-10° - 4-10°

Mazut

1-107 - 2:10°

Gasoline (N.K. - 140°C)

410" - 6-1072

Kerosene (fr. 140- 180°C)

1-101° - 4,6-1012

Aerial gasoline (fr. 40- 180°C)

1,110" - 4,6:101

Jet fuel (fr.180- 260°C)

1.10%°-1-10"

Diesel (fr.220- 280°C)

3:10t-5.101

Gasoil (fr.240- 350°C)

2:10%-4-10°

Results and Discussion

Oil and petroleum products are a source of fire
hazards, including those caused by electric charges
caused by triboelectric effects. These circumstances
require a more detailed study of these systems. The
mechanism of occurrence of electrostatic charges
between surfaces of two moving liquids, liquid-solid
surfaces of bodies, is still insufficiently studied and
requires a fundamental solution to the problem [14].
Experimental values of specific electrical
conductivity of oil and petroleum products under
laboratory conditions have been obtained, allowing
us to judge their dielectric character. The values of
electrical

conductivity of oils and petroleum

products have been established [15].

Oil and petroleum products are bad conductors.
According to literature data, specific electrical

Table 4 - Influence of gasoline pumping speed on
electrification current values

conductivity is 10-5-10-8 Om-1m-1 for crude oil.
However, even an insignificant content of impurities
in the movement of these liquids causes the
formation of electrostatic charges. A material object
is able to produce positive or negative charges,
which are characterized by a triboelectric scale. At
movement of oil

the mechanical components

relative to each other, the polarization of
hydrocarbon molecules occurs, which results in
interphase potential difference [[16], [17]].

properties of oil products

(gasoline, kerosene, etc.) were determined to

Electrophysical

determine triboelectric effects at the boundary
between metal/organic liquids (oil, fuel oil, etc.) to
determine their influence on the corrosion of
pipeline metals. As a parameter of electrical
characteristics of oil products, current forces were
measured and the results are summarized in the
table [18].

Table 5 - Influence of kerosene pumping speed on
electricization current values

No. | Pumping | Measured Relative error, No | Pumpings | Measuredcurre | Relativeerror,
speed, current strength, | % peed, m/s | ntstrength, pA %
m/s pA
1 1.0 0.901 5.0 1 1.0 0.706 6.0
2 2.0 1.044 7.0 2 2.0 0.978 5.0
3 3.0 1.216 6.0 3 3.0 1.045 6.0
4 4.0 1.645 5.0 4 4.0 1.119 6.0
5 5.0 1.735 5.0 5 5.0 1.265 5.0
6 6.0 1.971 7.0 6 6.0 1.339 7.0
7 7.0 2.105 6.0 7 7.0 1.827 6.0
8 8.0 2.403 5.0 8 8.0 1.951 5.0

— g4 ——
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Table 6 - Influence of diesel fuel pumping speed on current electrification values

No. Pumping speed, m/s Measured current strength, pA Relative error, %
1 1.0 0.617 5.0
2 2.0 0.781 7.0
3 3.0 0.899 6.0
4 4.0 1.103 5.0
5 5.0 1.266 5.0
6 6.0 1.322 7.0
7 7.0 1.474 6.0
8 8.0 1.537 5.0

As the pumping
increases, the value of current strength increases

rate of petroleum products

due to the appearance of triboelectrification in the
studied. The appearance of the
triboelectrization effect is caused by electrification,

systems

i.e. occurrence of electric potential in oil products,
which causes corrosion [19].

Any disturbance of this equilibrium state leads to
polarizations of "electromagnetic matter" on the
surface of substances and creates a triboelectric
effect. During friction and deformation of materials,
the
and

"electromagnetic matter" is polarized,

electromagnetic  interaction changes,
"electromagnetic matter" is released in the form of
heat, and at the places of rupture of the bond
simultaneously appears electric charges with the

corresponding potentials [20].

Conclusions

In the case of system stationarity disorders,
the the
"electromagnetic matter" manifests itself in heat,
light,
Friction and deformation of materials

depending on nature of process,

electromagnetic field, bias current, etc.
lead to
polarizations of "electromagnetic matter", which
changes the electromagnetic interaction of the
system and releases "electromagnetic matter" in the
form of heat. In the places of rupture of
communication simultaneously, there are electric
charges with corresponding potentials causing

triboelectric effects.
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TYWIHAEME:

Byn KymbicTa KasaKcTaH MyHaWblHbIH, Kypaeni 6ony cebebiHeH MyHall KybblpnapblH MeTann
KOppO3uACbIHaH 601aTbiH 3aKbIMAAHYAAH KOPFayablH epekLue Tacinaepi kaxkeT 6onaTbiHbI KepceTinreH.
MyHaliga Tek napaduHaepaid, 601ybIHbIH, ©3i CYyMbIKTBIKTbIH, Heri3ri 6eniriHae wery acepiH TyAblpybl
MYMKiH ([lopH 3ddeKTici). An MyHaabIH, MONEKYNaNbIK KYPaMbIHbIH, KypAeniniri anekTpodopeTnkanbik,
acepnep TyFbi3biN, KOPPO3UA KbINAAMAbIFbIHbIH, apTyblHa oKeneai. MyHblH 69piH Koppo3uAadaH
KOpfayabl a3ipney KesiHAe eckepy KaxeT. CyWblK KyMenepaiH KaTbiCybIMEH KOMMOHEHTTEPAIH,
9N1eKTPOPOPETUKANDIK, KO3FANFLILTLIFbIHBIH, MYMKIH MeXaHM3MAEPiHIH, PU3MKanbIK-MaTeMaTUKaNbIK
Tangaybl XKyprisingi. KypamsiHga noHgap 6ap myHaan »yviefie MakpoCKONMUANBIK HbICAH KaHKa CUAKTbI
3apag, 6enricimeH 3apsgtanfaH 6Geswek peTiHAe Ko3fanadbl. MeTann/opraHuKanblK CyMbIKTBIK
WeKapacbiHAafbl (MyHai, masyT kaHe T.6.) TpuboanekTpaik acepnepai Tangay, onapabiH, Kybbip
MeTangapbiHbiH,  KOPPO3MACbIHA 9CepiH aHbIKTay YWiH Kyprisingi. Bykin anemae TemipbeToH
KOHCTPYKLUMANAPbIH TemnepaTypanblK KaHe GepiKTiK aFblHaH CbiHAYy YLWiH KONAAHbINATbIH KenTereH
apictep 6ap »KaHe onapAblH, Kenwiniri aiTap/ibiKTak KUbIHABIKTAPMEH, YaKbITTbl KaXeT eTeTiH,
LUbIFBIHAAPMEH KIHe KaTenikTepmeH 6ainaHbicTbl. Ocblnalilla, 6yn 3epTreyae Kasipri yakblTTa KEHiHEH
KON AaHbINATbIH daicTepre 6anama Tacin peTiHAe TemnepaTypa-6epiKTiK KaTbIHACbIH any ywwiH 6y36aiTbiH
CblHAy dicTepiH naraanaHa oTbIpbIn, yArinepaiH 6eTiHiH 6epiKTiriH aHbIKTay 94iCiHiH, an1eyeTTi KonaaHy
MYMKiHAIri 3epTTengi.

TyliiH ce30ep: KOPPO3MA, MyHal Kybblpnapbl, SNEKTPOTKIITILTIK, AMU3e/b OTbIHbIH aliAaY KblNAAMAbIFbI,
3/1eKTPIEHY TOFbIHbIH, MIHAEPI.
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AHHOTAUMUA

MoKa3aHo, YTO CNOXKHOCTb Ka3axCTaHCKMX HedTu TpebyeT 0cobbix cnocob0B 3aLmTbl HeGTENPOBOLOB OT
NOBPEKAEHUN, BbI3BaHHbIX KOppO3uWelr meTannos. [Jaxe npucyTcTteBue B HedTU TO/NbKO napaduHOB
MOXeT BbI3BaTb 3hdeKTbl ceaumeHTaumMnm B obbeme Kuakoctv (adpdekt [opHa). A CAOXKHOCTb
MOJIEKYNIAPHOrO COCTaBa Macna Bbi3bIBAET 3/1eKTpodopeTHyeckme 3GdeKTbl, NPUBOAALLME K YBEINYEHUNIO
CKOPOCTU KOpposuu. Bce 3To cneadyet yuuTbiBaTb Npu paspaboTke 3awmTbl OT Koppo3uu. MNposeseH
OU3MKO-MaTEMATMUYECKMIA aHAIM3 BO3MOXKHbIX MEXaHM3MOB 3N1EKTPODOPETUHECKON MOABUMKHOCTM
KOMMOHEHTOB C Y4aCTUEM KUIKUX CUCTEM. B TaKOM cucTeme ¢ cogeprkaHnem MOHOB MaKpPOCKOMMUYECKMiA
06BEKT ByAeT ABWraTbCA KaK 3apa’KEeHHas 4acTULa, MMeloLas TOT Ke 3HaK 3apajda, YTo M CKener.
MNpoeegeH aHanu3 Tpubo3neKTpUYecknx 3GGEKTOB Ha rpaHuue MeTann/opraHuYeckne MKMUAKOCTU
(HedTb, MasyT M aAp.) ANA OnNpefeneHus UX BAMAHMA Ha KOPPO3UKO MeTasnnoB TpybonpoBoaos.
CywiecteyeT MHOMECTBO METOAO0B, WCMO/b3yeMbIX A8 TeMnepaTypHO-NPOYHOCTHOTO KOHTPO/A
Kene306eTOHHbIX KOHCTPYKLUMI BO BCEM MUPE, U BOMBLUMHCTBO M3 HUX CBA3AHbI CO 3HAYUTENbHbIMMU
TPYAHOCTAMM, TPEBYIOWMMM MHOTO BPEMEHM, 3aTpaTaMM WU MNOABEPNKEHHbIMU OWKMBKamM. Takum
06pasom, B 3TOM WCCAeA0BaHUM M3ydanacb MOTEHUMaNbHas NPMMEHUMMOCTb MeToAa onpeaeseHus
NOBEPXHOCTHOW NPOYHOCTM 06PasLOB C MCMOAb30BAaHMEM METOLOB HepaspyLUaloLLero KOHTPoAA Ans
NOJlyYEeHUA COOTHOLLEHWNIA TEMNEPATYPbI U MPOYHOCTM B KaYecTBe asbTePHATUBHOMO NOAXO0AA K WMPOKO
MCNONb3yEMbIM B HACTOALLEE BPEMA METOAAM.

Kntroyesole cno8a: Kopposus, HedTENPOBOAbI, 3NEKTPONPOBOAHOCTb, CKOPOCTb BMPbICKA AU3ENbHOTO
TOM/IMBA, 3HAYEHMA TOKA SNEKTPU3aLmum
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ABSTRACT

The work is devoted to the problem of an increase in the proportion of scrap metal in castings
smelted and produced from wear-resistant chromium cast irons. Castings obtained with more
than 60% of armor scrap and cracked during solidification and subsequent heat treatment were
selected as research objects. Castings of similar mill armor after operation characterized with
different wear resistance were selected to compare the characteristics of the structure and
properties. The composition, structure, amount of non-metallic inclusion and porosity of samples
cut from identical places of castings were studied with the help of the methods of optical and
scanning microscopy, metallographic analysis, X-ray fluorescence analysis, and measurement of
Vickers hardness. The characteristic localization of non-metallic inclusions of various types in the
structure of cast iron samples was considered. An increase in the proportion of non-metallic
inclusions in cast irons obtained using a high proportion of scrap was found, and it was shown
that non-metallic oxide inclusions with a loose structure had the most negative effect. Along with
porosity and primary crystals of carbide (CrFe)3Ctheydo not prevent the propagation of cracks
caused by internal stresses arising during crystallization and subsequent polymorphic
transformations in castings.

Keywords: wear-resistant chromium cast iron, casting, non-metallic inclusions, cracking,
structure.
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Introduction

Currently, there is an increase in the proportion
of scrap metal used in the iron foundry [[1], [2], [3],
[4], [5]]. It is primarily due to economic and
environmental considerations and is especially
important in the case of products obtained from
expensive wear-resistant high-alloy cast irons. Such
products include parts of mills and crushers that
can be remelted after their operational life to
obtain similar products. It should be noted that the
metal loss because of wear of such parts does not
exceed 10%in some cases, especially if the
destruction of the grinding body or armor occurs
due to the formation of a crack. The amount of

such scrap generated is large and its processing
with the purpose to obtain similar products is
relevant to the enormous amounts of such
equipment annually used in the world.

It is known that it is recommended to use not
more than 30% of scrap by the charge weight when
cast iron is smelted [[6], [7]]. It is due to the need to
reduce the contamination of the resulting castings
with various impurities, including non-metallic
inclusions and dissolved gases. An increase in
porosity and the proportion of non-metallic
inclusions results in a decrease in the resistance of
castings to crack propagation caused by both shock
loads and stresses that occur in the casting during
the cooling stage and often lead to the formation of
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hot cracks. Hot cracks result in the rejection of a
large number of castings. So, it is relevant to study
the problem of the porosity formation and the
accumulation of non-metallic inclusions and to
evaluate their role in the cracking of castings
obtained using a high proportion of scrap. For this
purpose, it is required to estimate the quantity,
composition, the sizes of pores and non-metallic
inclusions and the place of their localization in the
structure of such cast irons, and to compare them
with the results of the study of cast iron obtained
without the use of scrap metal.

Experimental part

A series of crusher armor samples made with a
scrap proportion of more than 60% at a domestic
enterprise and samples taken from similar parts
obtained by various enterprises without the use of
scrap were studied in this regard. All castings were
made with sand casting molds. Samples of castings

the manufacture of products. The characteristics of
the samples studied are shown in Table 1. They
were taken from identical places of castings.

The composition of the castings was
determined with an Axios X-ray fluorescence wave-
dispersive combined spectrometer; the content of
sulfur and carbon was determined with a Bruker G4
ICARUS TF analyzer. Metallographic analysis was
performed using an inverted Leica DM IRM
microscope and the VideoTest-Metal software
package. Non-metallic inclusions were studied
before etching; the structure of the phases forming
cast irons was studied after etching. The number
and proportion of non-metallic inclusions were
determined under Interstate standard 1778-80 by
method P1. The composition was studied with a
JEOL JXA-8230 microprobe analyzer. The structure
was found with a reagent having the following
composition: 3% FeCl3 + 3% HCl in ethanol.
Hardness was determined under the Vickers scale

obtained with a high proportion of scrap were Wwith an HBV-30A multifunctional stationary
deliberately taken from castings damaged during  hardness tester.
Table 1 - Characteristics of armor casting samples
Sample Characteristics of cast iron products Characterization of alloy Share of Hardness,

No. structure and matrix carbides, vol.% HV30

1 48.6 746

5  |Crusher armor casting burst after heat 39.2 671
treatment (HT). The share of scrap is over 60%

3 314 752
Crusher armor casting burst after installation

4 26.7 698

Hypereutectic P+A

High wear-resistance. Armor completed a full

5 cyc|e 22.5 641
Low wear-resistance. Armor wears out quickly

6 34.3 436
Armor with high wear resistance. Worked full

7 vl Hypereutectic P+A+M 22.4 665
ycle

3 Armor is characterized by the greatest wear Hypereutectic P+A 270 676
resistance. Worked full cycle

9 Armor with increased impact strength. Worked Hypoeutectic 222 710
full cycle P+A+M

10 Armor ofthe European manufacturer. Average Eutectic P+A 9.1 631
wear resistance
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Table 2 - Composition of castings samples from wear-resistant chromium iron

Sample No. Chemical composition, wt.%

Fe Cr Mo C Ni Mn Si Vv Co Cu Ti
1 ~70 21.8 0.74 4.05 0.62 1.14 0.7 0.15 | 0.12 0.16 0.23
2 70.2 19.63 0.56 3.26 0.38 2.2 0.85 0.09 | 0.13 0.26 0.32
3 70.3 21.7 0.65 3.81 0.33 1.39 0.56 0.1 0.09 0.18 0.04
4 69.5 23.04 0.29 3.35 0.38 0.67 0.66 0.13 | 0.15 0.07 0.26
5 69.1 22.79 0.33 2.96 0.37 0.86 1.48 0.1 0.14 - 0.27
6 69.1 22.97 0.31 3.23 0.46 0.82 1.18 0.12 | 0.14 | 0.07 0.19
7 67.3 24.89 0.59 3.20 0.69 0.61 0.24 0.12 | 0.10 | 0.16 0.05
8 65.5 27.08 0.41 3.34 0.74 0.87 0.4 0.07 | 0.11 0.1 0.08
9 75.5 16.5 1.27 2.83 0.28 1.02 0.43 0.07 0.2 0.12 0.04
10 67.9 25.7 0.23 3.0 0.54 1.14 | 0.58 0.04 | 0.14 | 0.16 -

P Pb S Al Mg Zr Ge Nb w Zn As
1 - 0.012 0.04 0.08 - - - - - - -
2 0.032 - 0.042 0.6 0.31 0.01 0.01 0.007 0.05 - -
3 0.034 - 0.049 0.19 0.15 - - 0.005 - 0.01 -
4 0.030 - 0.054 0.2 0.28 - - - - - 0.027
5 0.026 - 0.031 0.14 0.09 - - - - 0.08 -
6 0.026 - 0.044 0.08 0.09 - - - - 0.16 -
7 0.017 - 0.027 0.43 0.19 - - 0.048 0.27 - -
8 0.025 - 0.058 0.24 0.09 - - - - - -
9 0.03 - 0.05 0.17 0.2 - - 0.005 - - -
10 0.035 - 0.036 0.055 0.08 - - 0.06 - - -

The composition of Samples 2 and 4-7 is close

(19.6-24.9 wt.% Cr and 2.96-3.35 wt.% C) according
to the content of the main alloying elements (Table
2). Samples 7 and 9 contain more and less
chromium, respectively (Table 2). Samples 1-7 can
be attributed to ChKh22 cast iron, Sample 8 to
ChKh28P cast iron, and Sample 9 to ChKh16M2 cast
iron according to the chromium content under
Interstate standards 7769-82. However, Samples 1-
7 deviate from ChKh22cast iron according to the
content of carbon (2.4-3.6 wt.%), manganese (1.5-
2.2 wt.%), silicon (0.2-1.0), vanadium (0.15-0. 35
wt.%) and titanium (0.15-0.35 wt.%). Similarly,
Samples 8 and 9 do not correspond to the specified
the content of other

grades under alloying

elements. Besides, all samples contain micro
additives of alloying elements - Al, Mo, Mg, Ni, Co,
Ti, Zr, Nb, W. It enables us to conclude that the

studied cast iron samples are made under the

internal standards of enterprises and, probably, are
foreign brands. The content of impurity elements,
such as sulfur and phosphorus, in the studied
samples, does not exceed the permissible level
under Interstate standards 7769-82 (5<0.08%,
P<0.1%).

The cast iron microstructure study shows that
non-metallic inclusions are represented by
manganese and iron sulfides, titanium nitrides, and
oxides of the complex composition and confirmed
by the microprobe analysis results. In some cases,
nitrides and sulfides are found in intergrowths
(Figure 1). The shape is predominantly polyhedral
equiaxed. Samples 1-7 are characterized by
inclusions shown in Figures 1 b and c. The sizes of
non-metallic inclusions, both nitride and sulfide
ones, are close and vary from 1 to 25 pum in the
studied cast iron samples. The shape of sulfide

inclusions differs in Samples 8-10 where they have




KomnaekcHoe Ncnonb3oBaHne MuHepanbHoro Cbipba.

N°4(323),2022  ISSN-L2616-6445, ISSN2224-5243

a rounded surface (Figure 1d) not characteristic of
the emerging crystal. It allows us to conclude that
after the
solidification. Oxide inclusions, predominantly with

such inclusions crystallized alloy
a loose structure, are found in the form of large
inclusions associated with primary chromium
carbide crystals (Figure 1 a).

The distribution of non-metallic inclusions of
various types is not uniform (Figure 2). So,
manganese sulfide inclusions are mainly localized in
the places of eutectic crystallization (Figure 2 b) and
are found intergrown with the surface of primary
carbide crystals (CrFe);Cs in some cases. Often,
(CrFe)sC crystals are formed on the surface of this
compound that precipitates during the eutectic
crystallization. MnS inclusions are also found in
conjunction with ligature fragments showing that

the melt was contaminated with them during

d
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alloying. TiN inclusions are formed both in the
structure of primary carbides (CrFe)3C and in the
eutectic as independent phases (Figure 2c). The
formation of such inclusions is caused by alloying
cast iron with titanium that binds nitrogen diffusing
into the melt from the atmosphere during the
melting process.

Inclusions of undissolved ferromolybdenum
were found in the studied cast iron samples besides
non-metallic inclusions (Figure 3). It proves the
fact that the melt exposure duration after the
ligature inclusion is insufficient for its complete

dissolution. The mapping made to find the
composition for the localization areas of
ferromolybdenum inclusions shows that

molybdenum alloys (CrFe)7C3 crystals when it is
dissolved. At the same time, molybdenum dissolves
in the cast iron matrix very little.

e

25 MKwm
==
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a - Sample No. 1 oxide inclusions (dark areas); b - Sample No. 2; c - Sample No. 6; d - Sample No. 8

Figure 1 - Typical shape and dimensions of non-metallic inclusions in samples of wear-resistant chromium cast irons
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Figure 3 - Inhomogeneous distribution of molybdenum (light areas) in the cast ironstructure caused by
incomplete dissolution of ferromolybdenum

Table 3 - Porosity and volume proportion of non-metallic inclusions and a group of inclusions in samples

Sample| Porosity, |Distribution|Non-metallic Inclusion group
No. vol.% density of | inclusions,
non-metallic vol.%
inclusions
(NMY), 1 | 2 | 3| &4 | 5 | 6 |7 8/9
pcs/mm?2
1 6.5 165 6.13 46.7 25.5 134 7.5 3.9 - 0.7 -
2 1.4 259 0.534 59.9 27.4 9.6 4.2 0.4 0.39 - -
3 0.59 180 0.342 53.3 33.3 8.3 2.8 1.1 1.11 - -
4 0.45 138 0.516 36.2 23.9 18.8 15.2 5.8 - -
5 0.38 155 0.493 45.2 25.8 16.1 8.4 3.2 1.3 - -
6 0.56 119 0.715 32.8 17.6 21.8 17.6 8.4 1.6 - -
7 0.63 192 0.359 58.3 27.6 8.9 5.2 - - - -
8 0.73 170 0.525 54.1 20 14.7 6.5 4.7 - - -
9 0.44 79 0.54 24.1 10.1 8.9 11.4 17.7 12.6 11 3.8/1.2
10 0.09 32 0.65 21.9 28.1 21.9 219 6.25 - - -
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Figure 4 - Formation of cracks in Casting No. 1

The discussion of the results

The analysis of the metallographic study results
of samples suggests that an increase in the
proportion of scrap in the production of castings
results in an increase in the amount and dispersion
of non-metallic inclusions in their structure. Only
inclusions traditional for this type of cast iron are
predominantly formed in this case. The formation
of cracks in the volume of castings is not directly
related to the presence and amount of non-metallic
inclusions. A net of cracks was found near the
surface (in 10-13 mm) in Castings 1, 2, and 3
obtained using a large proportion of scrap and
destroyed at the cooling stage after crystallization
and during subsequent heat treatment (Figure 4 a).
The study of crack propagation suggests that they
mainly pass through oxide inclusions, pores, and
primary crystals of chromium carbide (CrFe);Cs,
propagating between them along with the matrix
alloy (Figure 4 b). Sulfide and nitride non-metallic
inclusions rarely get into a crack, and in some cases,
cracks stop on titanium nitride inclusions changing
direction. It is due to the high hardness of the TiN
compound. Besides, cracks in a smaller number and
of a shorter extent were also found inside other
studied castings. It suggests that their formation is
primarily associated with the properties of such
cast irons and, in particular, with the cooling modes
for castings and the amount of carbon in their
composition. Itis known that an increase in the
cooling rate and the availability of primary
chromium carbides in the structure of alloys

contribute to the occurrence of stresses exceeding
the ultimate strength of the metal causing hot or
cold cracking of the casting [[8], [9], [10], [11], [12],
[13], [14]].

Thus, the study of samples of wear-resistant
chromium cast irons cut from large-sized castings
obtained in the factory by casting into a sand mold
showed that the use of a high proportion (260%) of
scrap metal in their production can increase the
amount, dispersion and volume proportion of non-
metallic inclusions in their structure, as well as
porosity. The main non-metallic inclusions for such
cast irons are crystals of manganese sulfide MnS (2-
10 um), and titanium nitride TiN (4-7 um) typical for
chromium cast irons, and oxide inclusions are
introduced along with scrap metal. Meanwhile,
internal stresses arising from violations of cooling
regimes and a higher proportion of primary
chromium carbide crystals are the main reasons for
the increase in porosity, the formation of cracks,
and accelerated wear of such castings [[15], [16],
[17], [18], [19]].
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CbIHbIKTApPAbIH, }KOFfapbl Y/1eCiH NaiiganaHy apKbiaibl aNbIHFAH WOMbIHAAPAAFbI
KeyeKTiNliK }XaHe meTann emec KOCblHAbINap

NaHunukuH A.B., KopoTteHko P.10O., KeHxkerynos A.K., Kunbekosa b.5., Aanbekos ..

«MeTannyprus xaHe KeH 6aibITy MHCTUTYTbI» AK, Satbayev University, AaimaTtol, KasakctaH

TYRIHAEME

Kymblic To3yFa Te3iMAj Xpomab! WOWNbIHAAPAbI BaNKbITY KaHE Kyt Ke3iHAe MeTanN CbIHbIKTapbIH
naiganaHy yneciH apTTblpy MaceneciHe apHanfaH. 3epTrey ob6beKTinepi peTiHAe Kypbiw
CbIHbIKTapbIHbIH, 60% - AaH acTaMblH NaiganaHa OTbipbIN asblHFaH, COHbIMEH KaTap KaTato KaHe
KeliHHeH TepMUANbIK ©HAey KesiHAe KapblafaH Kylimanap TaHganabl. KypbuibiMbl MeH
KacMeTTepiHiH, cMnaTTamanapbiH CanbICTbIpy YWiH KOMAAHbICTAH KeWiHri guipmeHaepain, ykcac
KYPbILWTaPbIHbIH, KyMManapbl TaHAaNAbl KOHEe onap dpTypAi TOo3y TesimainirimeH cunatranagbl.
OnTUKanbIK KaHe pacTpAbiK, MWKpOCKonus, meTannorpaduanblk Tanaay,

Makana kenai: 21 kasaH 2021 peHTreHodpNyopecUeHTTIK Tanaay, BUKKepCTiK KaTTbIbIKTbl ©/1Ley 94icTepiH KongaHa oTbipbin,
CapantamagaH eTTi: 15 aknaH 2022

Kb 18 2022 KyimanapablH, YKCac OpblHAApblHaH KecinreH yAarinepaeri MeTann emec KOCbIHAbINApAbIH,
abbingaHapl: 18 mamsip

KYPambl, KypblIbIMbl, CaHbl KaHe KeyekTiniri 3eptrengi. LolblH yArinepiHiH, KypblibIMbIHAAFbI
9PTYPAi TUNTEri MeTanN eMec KOCbIHAbIIAPAbIH, CMNATTamasbl IOKANN3aLMACHI KAapacTblipbingpl.
CbIHbIKTapAblH, *KOFapbl YyNeCiH naiganaHy apKplibl ajsblHFaH LWOWbIHAAPAAFbI METann emec
KOCbIHABINAP YNECIHIH apTybl aHbIKTaNAbl KOHE TbIfbl3 eMeC KypblibiMbl 6ap meTann emec
OKCUATI KOCbINbICTapAblH, eTe Tepic acep 6epeTiHairi KepceTingi. Onap KeyekTinik neH (CrFe)sC
KapbuaTii, 6actankpl KpucTangapbimeH bipre Kylmanapaa KpuUcCTangaHy »KaHe KeMuiHri
nonvmopdTbl e3repicTepAeH TyblHAaFaH ilWKi KepHeynepaiH acepiHeH naiga 6onatbiH
JKapbIKTapAblH, TapanybliHa Kegepri Kentipmenai.

TyiiiH ce3pep: Xpomabl TO3yFa TE3IMA[ LWOMbIH, KyiiMa, MeTann eMec KOCbIHAbINAP, Cbi3aTTaHy,
KYPbINbIM.
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nOpMCTOCTb n HemeTa/lJZiIn4yeCKkme BK/NIoYeHUA B YyryHax, NoJ1ly4eHHbIX C
MCNO/b30BaHUEM BbICOKOM AO0NN No0Ma

MaHuuKuH A.B., KopoteHko P.10., KeHxkerynos A.K., Kwunbekosa b.b., Annbekos XK. K.

AO «UHCTUTYT meTannyprum u oboraiieHus», Satbayev University, Anmatbl, KasaxcraH

AHHOTAUMA
PaboTa nocealeHa npobneme yBeNMYEHUA A0AM UCMONb30OBAHWUA MeTa/IMYECKOro JIoma npwu

BbINAABKE U MONYYEHUU OT/IMBOK M3 XPOMMUCTbIX M3HOCOCTOMKUX YyryHOB. B KayecTBe 06beKTOB
Moctynuna: 21 okmaAbpa 2021

PeueHsuposaHue: 15 pespansa 2022
MpuHATa B nevyatb: 18 mas 2022

nccnenoBaHuii BbibpaHbl OT/IMBKM, NOAYYEHHbIE C UCMOb30BaHMEM Bonee 60% sioma 6poHeit un
pacTpecKasluMeca npu 3aTBepAEBaHUM UM nocjepylolen Tepmuyeckon obpaboTtke. [Ona
CPaBHEHWA XapPaKTePUCTMK CTPYKTYPbl U CBOWCTB 6biav BbiGpaHbl OT/IMBKM aHANOrMUYHON BPOHM
MeNbHUL, MOC/Ae SKCMyaTauuM M XapaKTepusylowmecs pas/MYHOM M3HOCOCTOMKOCTbio. C
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NPUMEHEHMEM METOLO0B OMTUYECKOM W PacTPOBOW MMUKPOCKOMWUM, MeTannorpapuyeckoro
aHanu3a, peHTreHohIlyopecLLeHTHOTO aHaAW3a, U3MepPEeHWs TBEPAOCTH No BuKKepcy bbli UsyyeH
COCTaB, CTPYKTYpa, KO/MMYECTBO HEMETa//IMYeCKUX BK/KOYEHUA U MOPUCTOCTb 06pasLoB,
BbIPE3aHHbIX W3 WMAEHTUYHbIX MECT OTAMBOK. PaccMOTpeHO XxapaKTepHas JioKanusaums
HEeMEeTaIMYECKUX BK/IOYEHWUN Pas/IMUYHBIX TUMOB B CTPYKType 06pasuoB YyryHa. BbifBneHo
yBe/IMYeHUE [ONN HEeMETa/IMYECKUX BK/IOUYEHWUM B YyryHaX, MOAYYEHHbIX C UCMOb30BAHWEM
BbICOKOW [OAM NOMA, M MOKas3aHo, YTO Hambosee OTPUUATENbHOE BAUAHME OKa3blBalOT
HEMETaNNIMYECKME OKCUAHbBIE BKAOUEHWUS C HEMIOTHOM CTPYKTYpOit. OHU HapsAAY C NOPUCTOCTbIO
M NepBUYHbIMK KpucTannamu kapbuaa (CrFe)3C He NpenATCTBYIOT PAcnpOCTPAHEHUIO TPELLMH,
BbI3bIBAEMbIX BHYTPEHHWMM HANPANKEHWUAMM, BO3HUKAOWMMU MPU  KPUCTANIM3ALUM U
nocnegytoLwux NoNMMopdHbIX NPeBpaLLEeHUAX B OTIMBKAX.

KnioueBble C€noBa: W3HOCOCTOMKWI  UyryH, OTAMBKA, HEMETa//IMYeckue BKAOYEHWS,
pacTpeckuBaHue, CTPYKTypa.
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ABSTRACT

The development of combined enrichment technologies becomes more significant due to the
decreasing of the processed ores quality and involvement in the processing of poor, refractory
ores. The difficulty in the flotation enrichment of mixed and oxidized polymetallic ores and
intermediate products lies in the effective sulfidization of the surface of oxidized minerals. The
sodium sulfide reagent used in flotation does not always provide complete sulfidization of the
mineral surface. On the intermediate product of lead-zinc ores related to the phase composition
of mixed ores, flotation studies were carried out on the original product and after preliminary
sulfidization by the pyro-metallurgical method. It was found that in the pre-sulfidizied product, the
extraction of zinc increased to 17.23 %, and lead to 10.07 %, compared with the original product
without pre-treatment.

Key words: lead-zinc ore, phase analysis, sulfidization, yield, content, extraction.
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Introduction

In the process of beneficiation of mixed
polymetallic ores, a significant amount of
intermediate products and beneficiation tailings
are formed, the flotation processing of which is
ineffective. At the same time, in addition to
oxidized Zn and Pb compounds, a significant
amount of pyrite is concentrated in the chamber
flotation products [[1], [2], [3]].

The processing of large masses of ores, which
are complex, hard-to-dress mineral raw materials,

with the production of conditioned concentrates,
in many cases, cannot be solved in the classical
sequence "concentration plant - metallurgical
plant". This fact naturally led to combined
enrichment schemes, including operations of
mechanical, pyro-metallurgical, and
hydrometallurgical processing in a single
technology implemented at the processing plant

[4].

The use of combined enrichment technologies
for the processing of refractory ores, combining the
actual enrichment and mainly hydrometallurgical
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(rarely pyro-metallurgical) processes in a single
technological scheme of the enrichment enterprise
is a general global trend.

A promising technological approach to the
processing of refractory ores, which at the
enrichment stage provides for the partial
extraction of valuable metals into conditioned
monometallic flotation concentrates, as well as
additional extraction of valuable metals and
substandard polymetallic intermediate products.
The intermediate products mainly contain oxidized
mineral particles of valuable metals that are not
sufficiently contrasting in terms of technological
properties. The complex intermediate substandard
product is processed separately using chemical-
metallurgical processes [[5], [6]].

An analysis of the practice of concentration
plants shows that for additional extraction of
metals from tailings rich in Zn and Pb of flotation
enrichment of polymetallic ores, as well as for
tailings from the processing of copper sulfide ores,
flotation enrichment methods are used, with
preliminary preparation of tailings for flotation [[7],
[8], [9], [10]]. However, for the processing of
tailings poor in Zn and Pb, flotation re-enrichment
according to the flotation scheme of selective
flotation is ineffective due to low recovery rates of
metals [[11], [12], [13]]. Collective flotation of
tailings does not give a positive result due to the
presence of a high content of metal oxides [[14],
[15], [16], [17]]. During flotation, most of these
compounds remain in the chamber product. Even
with fine grinding and high consumption of
reagents during flotation, no more than 10% of zinc
is extracted into the sulfide product [[18], [19],
[20]].

Thus, the use of combined methods, including
the sulfidation of oxidized surfaces of valuable
minerals with their further flotation enrichment, is
promising for the processing of oxidized and mixed
refractory polymetallic ores and intermediate
products [[20], [21], [22], [23]].

This work is devoted to the study of the
flotation of the intermediate product of lead-zinc
ores subjected to preliminary sulfidization of

valuable minerals by the pyro-metallurgical
method.

Materials and research methods

The object of the study was the intermediate
product of lead-zinc ores. The sample cutting of the
original sample is shown in Figure 1.

Initial sample

v

Mixing, representative sampling

! }

Mixing, Grinding up to 0.1 mm
representative l
sampling

——————————— Original ore
O

l l sample

Samples Mixing, representative
for the ! i
study of sampling
ore
grinding _ﬁ__
Samples for

Remaining stock
sulfidization and &

carrying out a closed
cycle of collective
flotation

Figure 1 - Scheme of sample cutting of the initial
sample

The study of the material composition of the
intermediate product of lead-zinc ore: the
determination of the initial content of lead and zinc
was carried out by chemical analysis, the
determination of the components that make up the
sample by X-ray fluorescence analysis, the study of
the material composition by X-ray phase analysis.
Phase analyzes were performed to establish the
forms of occurrence of lead and zinc minerals.

Surface sulfidization of oxidized minerals by the
pyro-metallurgical method: sulfiding roasting of
lead-zinc flotation tailings was carried out in a
vacuum. Experiments were carried out in a fixed
bed in an eclectic oven by Zhengzhou Brother
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Furnace Co. Ltd (BR-17 AM-5) in a vacuum,
pressure of -0.05 MPa. The holding time of the
weighed samples in the oven ranged from 15 to 60
min; the temperature varied from 400 to 900 °C.
The sample was cooled under a vacuum.

Flotation enrichment: laboratory studies were
carried out using the following laboratory
equipment:

3) ore grinding was carried out in a laboratory
ball mill at a ratio of T:W:W =1:0.5:9;

4) flotation was carried out in mechanical
flotation machines with chamber volumes, dm3:
1.5;1.0; 0.5.

When conducting research on flotation, the
reagent mode was used using the following
reagents:

medium pH regulator - soda (Na2C03);
collectors - butyl xanthate (BKK), Aeroflot (Aero);
activator - copper sulfate (CuSO4); foaming agent -
T-80.

Flotation tests in a closed cycle were carried
out on a sample of the original ore and a sample
subjected to sulfiding roasting.

Results and discussion

After taking representative samples, chemical
analysis determined the content of metals in the
initial product, which amounted to 0.77% lead and
1.91% zinc. The results of X-ray fluorescence
analysis of the initial sample are shown in Table 1.

Table 1 - X-ray fluorescence analysis of the original

sample
Element Content, % Element Content, %
0] 51.166 Cr 0.010
Mg 0.153 Mn 0.097
Al 2.682 Fe 3.514
Si 32.048 Cu 0.076
P 0.018 Zn 1.585
S 2.515 As 0.043
cl 0.032 Sr 0.018
K 0.583 Ba 1.487
Ca 2.991 W 0.033
Ti 0.194 Pb 0.756

From the results of X-ray fluorescence analysis,
it follows that the main host elements of the
sample are silicon, aluminum, calcium, sulfur, iron,
and barium.

The results of studying the material
composition by X-ray phase analysis are shown in
Tables 2, 3 and in Figure 2.

Table 2 - Interplanar distances and phase composition of
the intermediate product sample

d, A 1% mineral d, A 1% mineral
4.25170 25.1 quartz 2.23549 7.1 quartz
3.34305 100.0 quartz 2.21069 6.2 quartz
3.12404 11.5 sphalerit 2.12596 8.5 quartz
e, pyrite
3.02886 13.1 calcite 1.97744 6.9 quartz
2.70701 8.1 pyrite 1.91221 8.4 pyrite,
sphaleri
te
2.45524 10.3 quartz 1.81716 119 | quartz
2.42171 6.5 pyrite 1.67099 6.6 quartz
2.27992 11.1 quartz 1.65840 5.1 quartz

Table 3 - Results of semi-quantitative X-ray phase
analysis of the middling product sample

Mineral Formula Concentration, %
quartz SiO; 74.3
pyrite FeS; 125
sphalerite ZnS 7.5
calcite Ca(CO0s) 5.6
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Figure 2 - X-ray diffraction pattern of an intermediate
sample

It follows from the results of X-ray phase
analysis that the main host minerals of the sample
are quartz, pyrite, sphalerite, and calcite.
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The results of phase analysis established the
percentage ratio of oxidized and sulfide minerals of
lead and zinc in the sample. The results of the
phase analysis are shown in Table 4.

Table 4 - Results of phase analysis of lead and zinc in the
sample of the intermediate product

The consumption of reagents, flotation time
and the degree of ore grinding before flotation is
taken from the practice of processing similar ores
and is presented in Table 5.

Table 5 - Reagent consumption, time and degree of ore
grinding

Forms of finding / mass fraction, %
Lead Zinc
Value
Oxidi Oxidi
Total Sulfide Total Sulfide
zed f zed f
Abs
0.76 0.27 0.49 1.93 0.46 1.47
Rel
100.00 | 35.90 64.10 100.00 23.58 76.42

Phase analysis found that lead in the sample of
the intermediate product is 64.10% sulfide, 35.90%
oxidized, zinc is 76.42% sulfide, 23.58% oxidized.

Based on the results of mineralogical, phase
analysis, the sample of the intermediate product
belongs to the mixed type of lead-zinc ores.

Further studies were carried out on the
flotation of the initial sample and the sample after
sulfiding roasting.

Figure 3 shows a graph of the dependence of
the content of the class minus 0.074 mm on the
grinding time from the results of which it follows
that in order to achieve a fineness of the crushed
product of 90% class less than 0.074 mm in a
laboratory mill, the time is 40 minutes.

50
80
0

50
40
30
n

Minus class contents
0074 parna, e

o 10 10 = 50 EY 50

Grinding time, min

Figure 3 - Graph of class content minus 0.074 mm
from grinding time for a sample of an industrial product
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Flotation experiments were carried out
according to the collective scheme shown in Figure
4 and the reagent regime shown in Table 6.

Table 6 shows the results of the experiment on

collective flotation on the original sample.

Table 6 - Results of the experiment on bulk flotation on
the initial sample of the intermediate product

Products Output, Content, % Recovery, %
% Pb Zn Pb Zn

Collective
concentrate 12.34 2.97 11.20 47.60 72.36
Tails

87.66 0.46 0.60 52.40 27.64
Nutrition

100.00 0.77 1.91 100.00 | 100.00

From table 6 it follows that according to the
collective scheme of flotation of the initial sample
of the intermediate product, the following were
obtained:

- collective concentrate with a lead content of
2.97%, zinc 11.20%, with the extraction of lead
47.60%, zinc 72.36%. The concentrate yield is
12.34%.
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- tailings with a lead content of 0.46%, zinc
0.60% with a yield of 87.66%. Losses are lead
52.40%, zinc 27.64%.

Nutrition

!

Grinding up to 90% class
minus 0.074 mm

Na;COs - 800 g/t
Butyl x-t - 100 g/t
T-80-50 g/t

ol
-

Collective flotation

N
’ CuSO. -500 g/t
l 12 min Butyl x-t - 50 g/t
Booth. Aeroflot -

| recleaning 50 g/t
Control
flotation

l 10 min l 15 min
\J

Il cleaning |
lS min l
Tails

Collective

concentrate

Figure 4 - Collective flotation scheme

Table 7 shows the results of a bulk flotation test
on a sample of the intermediate after the sulfiding
roast.

From table 7 it follows that according to the
collective flotation scheme, samples of the
intermediate product with preliminary sulfiding
roasting were obtained:

- collective concentrate with a lead content of
3.05%, zinc 11.97%, with the extraction of lead

57.67%, zinc 89.59%. The concentrate vyield is
14.37%.

- tailings with a lead content of 0.38%, zinc
0.23% with a yield of 85.63%. Losses are lead
42.33%, zinc 10.41%.

Using the method of preliminary sulfidization
of the surface by the pyro-metallurgical method,
the extraction of zinc into the bulk concentrate
increased by 17.23%, and lead by 10.07%.

Table 7 - Results of the experiment on collective
flotation on a sample of the intermediate product
subjected to sulfiding roasting

Products Output, Content, % Extraction, %
% Pb | zn Pb Zn

Collective

concentrate | 1437 | 3.05 | 11.97 | 57.67 | 89.59

Tails 85.63 | 0.38 | 0.23 | 4233 | 10.41

Nutrition 100.00 | 0.76 | 1.92 100.00 | 100.00

Conclusion

Preliminary sulfidization of oxidized lead and
zinc minerals by a pyro-metallurgical method
improves the efficiency of the flotation enrichment
process. The extraction of zinc into the collective
concentrate increases on average by 17.23% from
72.36 to 89.59%, and lead by 10.07% from 47.60 to
57.67%.
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TYAIHAEME

KaiiTa eHaeneTiH KeHAep canacbiHbiH, TOMeHAeYiHe XaHe Keael, KMblH 6alibiTbliaTbiH KeHaepai
KaWiTa eHAeyre TapTyFa 6ainaHbICTbl 6albITYAbIH apanac TEXHONOTUANAPbIH 33ip/iey 6Te MaHbI3abl
60/1bIM OTbIP. Apanac }KaHe TOTbIKKAH NOMMETAN KeHAEPI MeH apasblk eHimaepai dnoTaumanbik,
6alibITy Ke3iHAEr KMbIHAbIK TOTbIKKAH MUHEpanaapablH, 6eTiH TMimai cynbouateyre 6annaHbICTbI.
dnoTaumaga KONLAHbINATBIH peareHT cynbouAaTi HaTpWii 6apAbIK KaFaakaa MUHepanablH, 6eTiHiH,
TONbIK CyNbdUATEHYIH KaMTamacbI3 eTe anmarabl. asanbik Kypambl 60MbIHWA apanac KeHaepre
KaTaTblH KOPFaCblH-MblpbIL KeHAEepiHiH,  apanblk  eHiMiHiH  6acTankbl OHimiHae
NUPOMETANNYPIUANBIK TaCIIMEH anAblH ana cynbduateyaeH KewiH dbnoTaumanbik 3epTreynep
Kyprisingi. AngplH ana cynbduarenreH eHimae, eHAeyAeH eoTrnereH 6actankbl 6HIMMEH
CaNbICTbIPFAHAA MbIPbIWTbLIH, anbiHybl 17,23%-Fa, KopfacbiH 10,07%-Fa apTKaHbl aHbIKTaNAbI.
TyWiH ce3aep: KopFacbiH-MbIpbIW KeHi, dasanbik Tangay, cynbduTTey, WbiFbiH, KypblabiM, 6enin
any.
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AHHOTAUMA

B cBA3M CO CHUMKEHMEM KayecTBa nepepabatbiBaeMbix pya, BoBieYeHneM B nepepaboTky 6eaHbiX,
TpyaHoOBOraTUMbIX pyd, CTaHoBUTCA 6onee 3HauMMbIM - paspaboTka KOMBMHMPOBAHHbIX
TexHonornin oboraweHuna. CnoxHocTb nNpu  GAOTaLMOHHOM O06OraleHUn CMeLaHHbIX U
OKMUCNEHHbIX MOJIMMETA/IZIMHYECKUX pPYya W MNPOMEXYTOYHbIX MPOAYKTOB 3aK/4aeTca B
3bdpeKkTMBHONW CynbdUAM3aLMM MNOBEPXHOCTU OKWUCNEHHbIX MUHepanos. [pumeHsemblit BO
bnoTaumm peareHT CEPHUCTbIN HaTpWil He Bcerga obecneymBaeT MOJMHYIO CynbGuUaM3aLMIO
NOBEPXHOCTU MWHEepanoB. Ha NPOMeXyTO4HOM NPOAYKTE  CBUHLLOBO-LMHKOBbLIX  pPyA
oTHocAWeroca nNo ¢asoBoMy COCTaBy K CMeLaHHbIM pPyAam BbINOAHEHbI $GNIOTALMOHHbIE
MUCCNeA0BaHMA  Ha  MUCXOAHOM NPOAYKTE W Mociae npeaapuTensHoin  cynbduamsaumm
NUPOMETANYPrUYECKUM CNOCOBOM. YCTaHOBAEHO, YTO B NPEeABapUTENbHO CYbGUANPOBAHHDIN
NPOAYKT M3BJIeYeHNe LIMHKA noBblcuaocb Ha 17,23%, a cBuHUA Ha 10,07%, no cpaBHEHWUIO C
MCXOAHBIM NpoAyKTOM 6e3 npeaBapuTenbHo 06paboTKu.

KnioueBble cnoBa: CBMHLOBO-UMHKOBasA pyaa, ¢$as3oBbl aHanus, cynbduamM3aumsa, BbIXo4,
COAEPKAHWNE, U3BNEYEHME.
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ABSTRACT

The main problem of cement production is to reduce energy consumption and reduce the
amount of greenhouse gases CO; emitted into the atmosphere. The prerequisite for solving the
problem is: the use of man-made waste and unconventional raw materials in the composition of
the charge and the reduction of limestone content from 85% to 70-75% as a source of CO2 gas.
The article presents the results of the studied technogenic waste and the suitability of non-
traditional raw materials such as tefritobazalt, coal mining waste, and lead slag. The chemical
and mineralogical composition of the materials and their suitability for obtaining
environmentally friendly clinker have been established. The possibility of obtaining cement
clinker using low-energy resource-saving technologies is shown. Clinker formation processes in
the developed mixtures are completed at a temperature of 1350 °C, which, with the coal
contained in the waste, will reduce the consumption of fuel injectors and reduce CO, emissions
into the atmosphere. In the developed low-energy mixtures, the specific consumption of raw
materials for obtaining 1 ton of clinker is reduced to 1516-1525 kg, which is significantly lower
than in traditional raw mixtures. Alite crystals are large, reaching 100-140 microns. The content
of clinker minerals is C35-57.88%, C,S-18.82%, C3A-6.46% and CiAF-11.61%. Disposal of large-
tonnage waste will reduce environmental pollution and improve the environmental situation in
the region.

Keywords: clinker, microstructure improvement, waste disposal, temperature reduction,
mineralizer.
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Introduction

Much attention is paid to the production of

Exports of cement to neighboring countries
increased. The production of mixed binders and dry
building mixtures for finishing works is also
increasing. At the same time, we must remember

building materials, including Portland cement, in
the Republic of Kazakhstan. The production of
cement and a number of other building materials is
constantly growing. According to the statistical
agency of the Republic of Kazakhstan, in 2021
cement production amounted to more than 12.65
million tons, which is 15% more than in 2020 [[1].
(21, (311

that large enterprises in metallurgy, chemical
industry, thermal power plants, cement production,
etc. cause significant harm to the environment,
ecology, and health of the population [[4], [5]].

The Concept for the Transition of the Republic
of Kazakhstan to a Green Economy, approved by
the Decree of the President of the Republic of
Kazakhstan dated May 30, 2013, No.577 [6], lays
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the foundations for deep systemic transformations
in order to transition to a new economy by
increasing the welfare, quality of life of the
population of Kazakhstan and countries among the
30 most developed countries in the world while
minimizing the burden on the environment and
degradation of natural resources. The concept of a
green economy sets ambitious goals to achieve the
level of pollutant emissions at the level of the
participating countries of the Organization for
Economic Cooperation and Development and other
developed countries [[7], [8]].

Cement production refers to facilities that have
a significant negative impact on the environment
and are required to obtain integrated
environmental permits to carry out their activities
in accordance with the environmental legislation of
the Republic of Kazakhstan [[9], [10]].

Portland cement is a large-tonnage and energy-
intensive product.

The production of 1 ton of cement requires
about 5 tons of various materials: raw materials,
additives, fuel, water, air, refractories, grinding
bodies, etc. In the Republic of Kazakhstan, 3 plants
are still operating in a wet way. Specific fuel
consumption for the wet method per 1 ton of
clinker is 220-240 kg, for the dry one - 100-120 kg.
Therefore, the issues of energy saving, especially
with the wet method of obtaining clinker, remain
important and relevant [[11], [12], [13]].

To increase the energy efficiency of the clinker
burning process, and reduce fuel consumption, we
have developed low-energy-intensive compositions
of raw mixtures, where traditional natural raw
materials are completely or partially replaced by
technogenic ones [[14], [15]].

In this study, we propose to partially replace
the traditional

carbonate and aluminosilicate

components of the raw charge (loess) with waste
from coal mines in Lenger, magmatic rock —
tephrite basalt of the Daubaba deposit in South
Kazakhstan, and lead slags.

Experimental part

Limestone is mainly composed of CaCOs. The
content of oxides SiO,, and Al,Os is low, and the
content of Fe;0s is very low - 0.57%. The MgO
content is insignificant - 0.88%. The limestone is
pure and highly basic, and the CaO content is more
than 52%. The alkali content is within the normal
range.

Coal mining wastes are composed of clay,
carbonate minerals, and carbon. The content of
silicon oxide is more than 55%, Al,Os; -10.6 %, they
can replace the aluminosilicate component of the
raw mixture in the raw mixture. The carbon content
in coal mining waste is more than 15%.

Tephrite basalt contains SiO; - 45.54 %, Al,Os -
more than 10 %, Fe;0s3 - about 8.5%. The
magnesium content is increased - 6.95 %, which is
undesirable. It contains a significant amount of
alkalis: (K0 + Na0) is 2.54%, which is also a lot.

Lead slags consist mainly of fayalite Fe,SiO,
melilite, wustite, small amounts of iron, lead and
copper sulfides, and zinc spinel. Lead slag contains
up to 37-40% iron oxides and can replace a
corrective additive. In addition, lead slags contain
up to 15% CaO and partially replace the carbonate
component [[16], [17]].

For the preparation of the raw batch for low-
energy clinkers, we used limestone of the Sastobe
deposit, tephrite basalt, technogenic raw materials
- lead slags, and coal mining waste, the chemical
composition of which is given in Table 1.

Tablel - Chemical composition of mineral and technogenic raw materials

Natural and Chemical composition, wt%
technogenic raw

materials SiO2 | AlOs Fe203 Cao MgO SOs loss on ignition Sum
Limestone 3.87 1.04 0.57 52.83 0.88 0.10 40.71 100.0
Cinders 17.81 | 4.25 62.23 421 3.71 - 7.79 100.0
Lead slag 2594 | 6.44 37.25 14.71 6.15 0.04 0.1 90.63
Tephrite basalt 45.54 10.7 8.53 10.66 6.95 0.2 7.92 90.50
Coal mining waste 55.50 10.6 2.01 3.21 0.7 0.79 24.08 96.89
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Table 2 - Composition of low-energy raw mixes and clinkers based on technogenic and non-traditional raw materials

Composition of the raw mixture, Specific c.onsumptior? of raw Modules com:f)L?Egar:Zg]‘izTiLker,
wt% materials, t/t of clinker Wt%
o, coal . . coal . 3¢
é S';';T]Z mining tig::;e cinders I;:: sljclg:]z mining tzz:;ﬁe cinders Isei:(gj n| p | GS | CS |CA | CAF
waste waste

1|75.76| 11.69 | 11.68 | 0.86 - |1.158| 0.179 | 0.178 | 0.013 - 10.85(2.7/1.50|48.85|30.29|6.44|11.55
2 |76.67| 10.92 | 1091 | 1.50 - |1.174| 0.167 | 0.167 | 0.023 - 10.90{2.5{1.26|58.61|19.05|3.11|16.38
3 (76.94| 11.13 | 11.12 | 0.81 - 11.182| 0.171 | 0.171 | 0.012 - 10.90(2.7{1.51|59.62|19.38|5.19| 13.0
4 |76.64| 10.34 | 10.33 | 2.69 - |1.171| 0.158 | 0.158 | 0.041 - 10.92(2.2|0.97|60.90|19.81|7.76| 8.72
5 (77.12] 10.21 10.2 1.47 - 11.183| 0.164 | 0.165 | 0.023 - 10.92({2.5/{1.26|61.99|14.86|1.47|18.88
6 |77.39] 10.92 | 10.91 | 0.79 - 11.191)| 0.336 | 0.168 | 0.168 | - |0.92(2.7|1.51|62.85(15.07| 3.1 |16.17
7 |76.22| 19.61 - - 4.17|1.186| 0.305 - - 0.065|0.85|2.7|1.31|{48.43|30.03(6.65[11.28
8 [76.93| 18.03 - - 5.05{1.196| 0.280 - - 0.078|0.90|2.5|1.13|59.00|19.19|5.41|12.67
9 |77.38| 18.67 - - 3.95(1.209| 0.292 - - 10.062|0.90|2.7|1.32{59.69|19.41|6.49|10.88
10|76.56| 16.54 - - 6.90(1.181| 0.255 - - 10.106|0.92|2.2|0.89(61.97|14.80|3.48|15.65
11177.37| 17.68 - - |4.94|1.204| 0.275 - - 10.077|0.92|2.5/1.13|63.27|15.18|5.38|12.49
12177.82| 18.32 - - 3.87(1.218| 0.287 - - |0.061|0.92|2.7(1.33|64.00|15.35|6.43| 10.7
13 |74.34| 10.36 | 10.37 4.93|1.119| 0.156 | 0.156 0.074|0.85|2.2|0.98|45.97|28.49(4.58|15.35
14 |75.56| 11.47 | 11.48 - 1.49(1.152| 0.175 | 0.175 - 0.023|0.85|2.7|1.51|47.43|29.41|7.73|10.18
15(76.32| 10.55 | 10.55 - 2.57|1.164| 0.161 | 0.161 - 0.039|0.90|2.5|1.27|57.88|18.82(6.46|11.61
16 |76.75| 10.93 | 10.93 - 1.39(1.176| 0.167 | 0.168 - 0.021|0.90|2.7|1.52|58.50{19.03|7.57| 9.82
17176.01| 9.68 9.68 - |4.63]1.152| 0.147 | 0.147 - |0.070|0.92|2.2|0.99/60.89|14.60|4.46|14.65
1876.78| 10.35 | 10.35 - 2.52|1.173| 0.158 | 0.158 - 10.039|0.92|2.5/1.28(62.08|14.89(6.41|11.46
19|77.20| 10.72 | 10.72 - 1.36/1.185| 0.164 | 0.165 - 10.021|0.92|2.7|1.52{62.75|15.06|7.47| 9.70

Results and Discussion

We have developed various options for low-
power compositions of raw materials, designed for
the production of clinkers of various mineralogical
composition, including sulfate-resistant and road
Portland cements using limestone from the LLP
Standard Cement (Table 2).

Calculations of charge compositions were made
according to the formulas of S.D. Okorokov [18].
Several series of calculations of raw materials
charges with natural limestone, unconventional and
technogenic raw materials, located in close
proximity (5-40 km) to the existing cement plants in
South Kazakhstan, have been performed. Delivery
of waste to the plant can be carried out by road and
rail.

Based on the calculations, the compositions of
the three- and four-component charges were
selected:

- Limestone + coal mining waste + tephrite
basalt + cinders;

- Limestone + coal mining waste + lead slag;
- Limestone + coal mining waste + tephrite
basalt + lead slag.

When selecting the compositions of the raw

mixtures, the saturation coefficient (SC) was
changed from 0.85 to 0.92, and the silicate modulus
(n) from 2.2 to 2.7. In this case, the value of the
alumina modulus (p) varies depending on the type
of components, silicate modulus, and SC from 0.97
to 1.52 [19].

Regularities of changes in  modular
characteristics and mineral composition of clinker
from the type and amount of technogenic raw
materials in the composition of the charge have
been established. At SC= 0.92, with an increase in
silicate modulus from 2.2 to 2.7, the content of lead
slag in the charge decreases from 4.63 to 1.36%,
and the alumina modulus increases from 0.99 to
1.52, the content of alite and CsA increases, and the
proportion of C,AF decreases. The strength and
speed of hardening of such cement will be higher.
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Table 3 - Influence of mixture compositions and temperature on the process of binding calcium oxide

Raw mix composition, wt% SC Modules Content of CaO free,%, at burning
temperature, °C
Limes |[coal mining| tephrite lead slag n p 1300 1350 1400 1450
tone waste basalt
77.02 9.79 9.78 3.41 0.92 2.2 | 1.15 3.4 2.1 1.9 0.6
76.72 9.10 9.11 5.06 0.94 2.0 | 0.95 1.3 0.2 - -

In the 1st series of raw mixtures "Limestone +
coal mining waste + cinders" the content of coal
waste is 20-23%. In this case, 3-4% of coal is added
to the composition of the raw mixture. This will
reduce the fuel consumption for burning clinker in
the kiln. The cinder content is 0.86-2.69%. An
increase in the silicate modulus from 2.2 to 2.7
leads to a gradual decrease in the proportion of
pyrite cinders from 2.69 to 0.49%. The magnitude
of the p modulus increases from 0.89 to 1.52. The
resulting clinkers contain 3.1-7.76% tricalcium
aluminate. These clinkers are suitable for the
manufacture of low-aluminate sulfate-resistant
clinkers and cement.

In the second batch of charges, scarce pyrite
cinders were replaced by lead slags. The iron
content in slags is slightly lower than in cinders.
Therefore, the content of lead slag in the charge
increases and reaches 3.95-6.9%. Similarly to series
1 of mixtures, an increase in the modulus n leads to
a gradual increase in the alumina modulus from
0.89 to the optimal 1.12-1.33. The specific
consumption of lead slag increases to 78-106 kg per
1 ton of clinker.

In the third series, coal mining waste and
tephrite basalt are used as the aluminum-
containing component, lead slags are the correcting
additive. Slags, together with tephrite basalt, add a
sufficient amount of iron oxides to the charge
composition.

In  the developed low-energy-intensive
mixtures, the specific consumption of raw materials
for obtaining 1 ton of clinker is reduced to 1516-
1525 kg, which is much lower than in traditional
raw mixtures. The mass of the material that must
be heated in the furnace to the clinker formation
temperature of 1300-1350°C is reduced, which
makes it possible to further reduce fuel
consumption. The content of lead slag in the
mixture is from 70 to 106 kg, due to which from 10
to 15 kg of non-carbonate lime is added per 1 ton
of clinker, which improves the heat balance of the
burning process.

The effect of temperature on the clinker
burning process is shown in Table 3.

As can be seen from the data in Table 3,
depending on SC, n, and the content of lead slag,
the processes of clinker formation in the developed
low-energy-intensive raw mixtures are completed
at 1300 or 1350°C. The content of unbound CaO is
1.3 and 2.1%, respectively. A raw mixture with a
higher silicate modulus n=2.2 and a lower lead slag
content of 3.41% is burned more difficult - the
content of CaO free at 1300°C is 3.4%. An increase
in the content of lead slag to 5.06% leads to a
decrease in the silicate modulus to 2.0, an
acceleration of the clinker formation process, and
an improvement in sintering.

The lead slag contains 4.34% ZnO, 0.52% PbO,
1.1% CuO, which have a mineralizing effect on the
sintering of the charge. Zinc oxide is a catalyst for
the formation of minerals in the production of
clinker. Zn?** ions replace Ca?*in the crystal lattices
of minerals with the formation of solid solutions.
The solubility of zinc oxide in CsS is slightly more
than 2% [20]. Differential thermal analysis of
limestone with additions of 3-10% lead slag showed
that the maximum of the CaCOs; decarbonization
process decreases by 30-50°C. The above will allow
completing the processes at low temperatures,
reducing the heat costs for clinker burning,
increasing the furnace productivity, and reducing
the consumption of nozzle fuel [21].

The developed raw mixes contain two
technogenic products - coal mining waste and lead
slag, as well as a low-melting igneous rock -
tephrite basalt. Their total content is about 23-26%
[22].

The synthesized clinker was subjected to
microscopic examination. Using an electron
microscope in the field of binders, one can study
the following issues: the shape and size of
individual crystals: the processes of growth and
destruction of crystals, processes occurring at the
grain boundary, and a number of other more
particular problems [23].

The dissertation studied the microstructure of
synthesized clinkers. Samples for research were
cleaved from synthesized clinker.
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Analysis of micrographs from a clinker chip
obtained from the traditional raw mix "Limestone +
coal mining waste + cinders" is shown in Figure 1.

1-GsS;2-C5S; 3—-C3A; 4 - CGAF; 5 —Ca0.

Figure 1 - Micrograph of a clinker chip obtained from
traditional raw materials

<. "\ 8 ¥
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Figure 2. Micrographs from clinker chips obtained
from the raw mixture Limestone + coal mining waste +
tephrite-basalt + lead slag

Micrograph of clinker allows us to conclude
that crystallization is relatively clear, the
distribution of minerals is not uniform. Along with
areas of relatively well-formed alite crystals, there
are areas with crystals of an indefinite shape,
passing into intergrowths of alite crystals.

Belite inclusions are observed in large crystals
of alite. Belite is represented by small round and
oval crystals. The amount of belita is much less than
that of alita. The micrograph also shows a slight
accumulation of crystals of free calcium oxide (dark
rounded crystals). On the surface of crystals and
between them, an alumoferite phase (light
intermediate substance) is clearly visible. The
presence of the aluminate phase in this micrograph
is not determined [24].

Analysis of micrographs from a clinker chip
obtained from an unconventional energy-saving
raw mixture of Limestone + coal mining waste +
tephrite-basalt + lead slag (Figure 2).

Figure 2 shows a photomicrograph from
cleavage of clinker. Analysis of micrographs allows
us to conclude that the crystallization of minerals is
clear, but their distribution is uneven. Along with
areas where alite has a regular geometric shape,
there are areas with an indefinite crystal shape.
Belite is represented by crystals of round and oval
shape; cracks are observed on the surface of belite
granules.

Alite crystals of large size, reaching 100-140
microns. A small amount of lead slag (2.57%)
introduced into the mixture has a mineralizing
effect. This, together with basalt tephrite, reduces
the burning temperature from 1450 °C to 1350 °C,
the CaOf content decreases to 1.39%. There is a lot
of intermediate phase and it is represented mainly
by calcium aluminoferrite. Calcium alumoferrites
are represented by light needle-like crystals. The
content of clinker minerals is C3S — 57.88%, C,S —
18.82%, CsA — 6.46%, and C,AF — 11.61%.

The presence of three cement plants in the
South Kazakhstan region: LLP Standard Cement, JSC
Shymkentcement and LLP Sastobe Technologies
with a total capacity of ~ 3.5 million tons would
allow for a short period of time to completely
utilize lead slag and coal waste in cement
production. This would help to reduce the
anthropogenic load on the environment, eliminate
major sources of its pollution [25].

Conclusions

1. Experiments have shown the possibility of
using technogenic waste as part of the charge: coal
mining waste - 9.79%, lead slag - 3.41-5.06%, and
tefrito bazalt - 9.78%, that is, to dispose of up to
25%.

2. To improve the clinker formation process

and the microstructure of the main minerals of alite
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due to the introduction of lead slag. In the
composition of lead slag, zinc oxide performed the
task of a mineralizer and accelerated the process of

materials will increase the efficiency of cement
production, reduce environmental pollution and
improve the ecology of the region.

clinker formation at 1350°C. The free calcium oxide
in the composition of clinker was 0.2 % at a
temperature of 1350°C.

3. With coal mining waste, from 2 to 3.5% of
coal is introduced into the incinerated charge,
which made it possible to reduce heat costs and
nozzle fuel consumption for clinker combustion.
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TYWRIHAEME

LlemeHT eHpAjipiciHiH, Heri3ri npobaemacbl - 3HEPTUA LWbIFbIHbIH TOMEHAETY KaHe aTmocdepara
woifapblnatelH CO2 NApHUKTIK rasgap MeswepiH asaiTy. MaceneHi wWewyAjH anfbiwapTbl:
TeXHOTeHAK KanablKTap MeH A3CTYp/i emec LUMKI3aTTbl WHUKIKYPaMHbIH, KypambiHAA KONAAHY
»koHe CO; rasblH WbIFapy Ke3i 9KTacTblH, menwepiH 85% - aaH 70-75% - fa AeiliH TemeHaeTy.
MaKanaga TexHoreHai KanablKTapabl »KaHe TedputobaszanbT, Kemip eHAIpICiHIH KanabiKTapbl
JKOHE KOPfacblH LUMKIKYpPamMbl CUAKTbI A3CTYP/i emec LWKKi3aT maTepuangapbiH  ¢pusmnka-
XUMUANBIK ~ 3epTTey  HaTuKenepi  KenTipinreH. MartepuangapZblH, — XUMUANBIK — XKaHe
MWHEPANOTUANBIK Kypambl KaHe ONapAblH, 3KOMOTMANbIK Ta3a KAMHKEP ajnyfa KapamAplabifbl
aHbIKTaNApl. JHEPruAHbl a3 KaXeT eTeTiH pecypcTapabl YHEMAENTIH TeXHoAorMAnapabl KonaaHa
OTbIPbIN, LLEeMEHT KAWHKEPIH any MYMKIHAIM KepceTinreH. o3ipieHreH Kocnanapaafbl KAMHKep
npouectepi 1350°C TemnepaTypaga afakTanagpl, byn kanablkrapaafrbl KemipmeH bipre 6ypikkiwTi
(dopcyHKa) OTbIH LWbIFbIHBIH a3aiTagpl kaHe atmocdepafa CO:2 WbIFapbiHABINAPbIH a3alTagbl.
O3ipAeHreH a3 aHepruanbl Kocnanapaa 1 TOHHa KAWMHKEpP anyfa apHanfaH WKWKI3aTTbiH, MEHLUIKTI
WoliFblHbl 1516-1525 Kr aeiiH TemeHaenai, byn ACTypAi LWMKI3aT KocrmanapbiHa KapafaHaa
alTapAbIKTall TOMeH. ANblHFAaH KAWMHKepPAiH, MUHepanoruanblk Kypambl C3S — 57,88%, C.S —
18,82%, C3A — 6,46% xoHe C4AF -11,61%. Ken TOHHaxKAbl KangblKTapAbl Kagere apaTy
KOpLUafaH OpTaHblH, NIaCTaHYblH a3alTyFa YKaHe eHipAeri 3KONOTUANBIK XKaFfaanabl KakcapTyFa
MYMKIHAiK 6epeai.
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AHHOTAUMUA

OcHOBHOM Npobnemoii NPOM3BOACTBA LEMEHTA ABNAETCA CHUMKEHME SHEPro3aTpaTt U CHUXKeHUe
KOAMYECTBA NapHUKoBbIX razos CO», BbibpacbiBaemblx B aTmochepy. Mpeanocbinkol peweHus
npobaembl ABNAETCA: NPUMEHEHME TEXHOTEHHbIX OTXO40B U HETPAAULMOHHOIO Cbipbs B COCTaBe
LUMXTbI U CHUXKEHME coAepKaHUA n3BecTHAKa ¢ 85% A0 70-75% Kak UCTOYHMKA BblAeneHuna rasa
CO,. B cratbe npeAactaBneHbl pe3ynbTaTbl GUIMKO-XMMUHYECKMX MCCAEL0BaHUIN TEXHOMEHHbIX
OTXOA0B U NPUrOAHOCTb HETPAAMLMOHHbBIX CbIPbEBbIX MaTePUaNoB TaKMX, Kak TedputobasansT,
oTxoAbl yrnefo6biun U CBUHLOBbINM WNAK. YCTAHOBEH XMMUYECKMI U MUHEPANIOTMYECKUIA COCTaB
MaTepuanoB ANA MNONYYEHUA 3IKOJOTMYECKOro YMCTOro KAuHKepa. [loKasaHa BO3MOXHOCTb
NoOyYeHUA LLeMEHTHOTO KIMHKepa C UCNO/Ib30BaHWEM MaNo3HEepProeMKux pecypcocbeperatomx
TEXHONIOTUIA. YCTAHOBNIEHO, YTO MPOLECChl KAMHKepoobpa3oBaHUA B paspaboTaHHbIX CMecAX C
yrnecofepalwumm oTxo4amu 3asepliatotca npu Temnepatype 1350 °C, yto, cnocobctByer
CHVMXKEHMIO pacxoda GOPCYHOYHOro TOM/IMBA M yMeHblueHuto Bbibpocos CO, B atmocdepy. B
pa3paboTaHHbIX MasIO3IHEProeMKUX CMECAX YAEeNbHbIA Pacxod Cbipbs Ha nosnyyeHue 1 TOHHbI
KNMHKepa cHuxaetcA [0 1516-1525 Kr, 4TO 3HAUMTENIbHO HUXKE, 4em B MNPUMEHEeHUU
TPAAMUMOHHBIX CblpbeBbIX cMecei. OnpeneneH MUHEpasorMYeckuii CocTaB Mosy4aemMoro
KAWHKepa, KoTopblit npeactasneH CsS- 57,88%, C.S- 18,82%, CsA- 6,46% un CsAf- 11,61%.
YTUAN3aUMA KPYMHOTOHHAXKHbIX OTXOZ0B MO3BOIUT CHU3UTb 3arpA3HEHMe OKpYXKatoLel cpesbl U
YAYYLINTb SKONIOTUYECKYIO 0BCTaHOBKY B PErvoHe.

Knrouesbie cnosa: KnuHKep, ynyylleHME MWMKPOCTPYKTYPbl, YTUAN3ALUA OTXOL0B, CHUMKEHUe
Temnepartypbl, MMHEepaan3aTop.
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