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ABSTRACT

The article presents the third stage of the study results of a complex modified additive (CMA), in
the accuracy of the influence of the variable ingredients of CMA on the strength of cement. This
article shows the methodology of making samples, the selection of additive composition at
different percentages of components, and the analysis of the strength behavior of the obtained
results. To evaluate the changes in strength, samples were made and tested in compression and
bending at 7, 14, and 28 days of normal-moist hardening. The results of the experiment showed
that the addition of plasticizers (PAB) reduces the quantity of water - 35%, by increasing the
strength of concrete by 20%. Compressive and bending strength results of the modified samples
showed the best results, which were in the range of 42.80-63.66 MPa and 3.34-8.75 MPa,
compared with the control composition. From the results of the research, the additive accelerates
hardening and it was found that the additive contributes to the growth of strength, both at an
early age and at the design age (28 days). The results of the experiment showed that from the
standpoint of improving the qualitative characteristics of the samples, the use of plasticizers is
appropriate. The use of CMA in the composition of concrete increases the strength, and therefore
developed by the authors of CMA changes the structure of concrete and most importantly,
increases the physical and mechanical characteristics of concrete.

Keywords: concrete, cement-sand mortar, complex modified additive, post-alcohol bard,
plasticizer, hardening accelerator, bending strength, compressive strength.
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Introduction

[1]. Several articles [[2], [3], [4], [5]] discuss these
problems in detail and analyze current solutions.
Nevertheless, the task of accelerating the set of

The main objectives of modern construction are  standard strength of concrete and preserving its
to reduce the time required for the manufacture of  high-strength properties is relevant [6].

concrete and reinforced concrete products and The basis of modern concrete technology is the
accelerate the set of s tandard concrete strengths creation of  high-quality artificial  stone,
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characterized by high dispersion, a small
imperfection, and structural stability. Improving the
quality of concrete compositions can be achieved
both through the use of chemical additives and by
using local components to create a new generation
of concrete, which is a very urgent task of concrete
technology. New generation concrete is a high-tech,
high-quality, multicomponent concrete mixes and
compositions with additives that retain the required
properties during operation in any conditions. The
growth of multicomponent concretes is due to
significant systemic effects that allow controlling the
formation of the structure at all stages of the
technology, ensuring the production of composites
of «directional» quality, composition, structure and
properties [[7], [8], [9], [10], [11], [12], [13]].

Concrete hardening can be intensified using
several methods, including effective complex
chemical additives [[14], [15]]. Of practical concern
are multifunctional additives that act as effective
plasticizers of concrete mixtures and increase the
strength of concrete in the early stages of hardening
([16], [17], [18]].

Post-alcohol bard (PAB) - additives are the
cheapest, suitable for all types of cement, for
monolithic and precast construction from mortar
and concrete, for heavy and lightweight concrete,
and reinforced concrete, while increasing: strength,
density, resistance, resistance,
durability, protection against corrosion, and
improve the environment.

The aim of the research is to develop a CMA and
study its influence on the physical and mechanical
characteristics of cement structures. During the
research a complex of laboratory tests to evaluate
the physical and mechanical characteristics of
samples with subsequent comparative analysis of
changes in the qualitative characteristics of cement
and the influence of a modifier on it has been carried

frost water

out. This article provides part of the research results
(third stage), on the accuracy of determining the
influence of a varying mixture of CMA on the
strength.

In order to achieve this goal, the following tasks
were accomplished:

1. Selection of additive composition at different
% ratios of its ingredients;

2. Laboratory preparation of samples of
different combinations of additive components;

3. Laboratory studies of strength behavior of
test samples;

4. Analysis of the obtained results.

Experimental technique

For the study were used materials that comply
with the requirements and standards.

Cement. The raw materials were taken in
accordance with the geographical location of the
producers, and quality indicators of the material.
Portland cement M400 type CEM | 42,5 H was
accepted by «Kokshe-Cement» products, due to the
availability of this binder.

Fine aggregate. As the fine aggregate used
standard polyfractional sand (for the purity of the
experiment) corresponding to the requirements of
GOST 6139-2003 «Sand for testing of cement».

Modifying additive. Post-alcohol bard - PAB
(main component) - ethanol production waste,
meets the requirements of Technical Specifications
1110 RK 00393896-01-2003, in quantities of 2.5%,
5.0%, 7.5%, 10%, multiple of 2.5%. The product is
supplied in liquid form, producer - JSC «Aydabulsky
distillery». Hardening accelerant - gypsum,
accelerating the process of hardening, in quantities
of 1%, 1.5%, 2.0% and 2.5%, multiple of 0.5%.

The methodology of the experimental work
consisted in carrying out successive
operations to create prepare
mixtures, molding standard (40x40x160 mm) beam
samples, and test the obtained samples on special
equipment, data processing, and analysis. In the
third stage, the individual influence of CMA on the
strength of cement stone was studied. Compressive
and bending strength was determined following
GOST 30744-2001 «Cements. Test methods with
polyfractional sand» at the age of 7, 14, and 28 days
on the equipment Press Automatic Pilot, the total
compressive load of 500 kN (50 tons). Material
consumption of samples (necessary for measuring
the compressive and bending strength) of cement
mortar is given in Table 1.

several
compositions,
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Table 1 — Composition of samples

Number Type Cement, g Sand, g Gypsum, g PAB, g Caustic Water, g
soda, g
1 Type 1 450 1350 - - - 180
Reference
sample

2 Type 2-1 4455 1350 4.5 11.25 0.5625 168.1875
3 Type 2-2 445.5 1350 4.5 225 1.125 156.375
4 Type 2-3 445.5 1350 4.5 33.75 1.6875 144.5625
5 Type 2-4 4455 1350 4.5 45 2.25 132.75
6 Type 3-1 443.25 1350 6.75 11.25 0.5625 168.1875
7 Type 3-2 443.25 1350 6.75 22.5 1.125 156.375
8 Type 3-3 443.25 1350 6.75 33.75 1.6875 144.5625
9 Type 3-4 443.25 1350 6.75 45 2.25 132.75
10 Type 4-1 441 1350 9 11.25 0.5625 168.1875
11 Type 4-2 441 1350 9 22.5 1.125 156.375
12 Type 4-3 441 1350 9 33.75 1.6875 144.5625
13 Type 4-4 441 1350 9 45 2.25 132.75
14 Type 5-1 438.75 1350 11.25 11.25 0.5625 168.1875
15 Type 5-2 438.75 1350 11.25 22.5 1.125 156.375
16 Type 5-3 438.75 1350 11.25 33.75 1.6875 144.5625
17 Type 5-4 438.75 1350 11.25 45 2.25 132.75

Results and Discussion

The selection of additives was based on the basic
mechanism of action. The compound-modified
additive includes gypsum, post-alcohol bard, and
caustic soda (NaOH). The proposed additive has no
analogs and is different in its quantitative
composition of components. Application of caustic
soda (NaOH index changes with the change in the
guantitative index of post-alcohol bard) in
combination with post-alcohol bard stabilizes its
hydrogen index, approaching a neutral
environment. The main plasticizing component is
post-alcohol bard, which also has hydrophilic-
hydrophobic  properties. The influence of
consumption of PAB to 10% demonstrated the
expediency of this range, i.e. by optimizing the
composition the maximum optimal range was
determined. Earlier studies confirm the features of
each component, and the complex synergistic effect
is achieved [[19], [20]].

Studies have shown that concrete samples with
the additive (PAB), when interacting with water, are
not destroyed, indicating the effectiveness of this

modifier. PAB, which is part of the complex modifier
contains casein, which when interacting with the
fine aggregate of concrete polymerizes, making
additional contact films that improve the resistance
of the material to the effects of water.

The object of the study was a cement-sand
mortar at a constant w/c ratio = 0.4 based on
unadded cement M400 (Kokshe-Cement) and using
polyfractional sand packaged by 1350 grams. Figure
1 represented the test results of the strength of Type
1 (without additive composition) and with CMA, in
the period of hardening 7, 14, and 28 days.

Figure 1 presents a diagram of the change in
compressive strength of the tests as a function of
curing time.

The reference samples of type 1 (without the
use of additives) showed the lowest strength in all
curing times (7, 14, and 28 days). The average
strength points ranged from 22.11 to 40.83 MPa.

Samples of type 2-1 showed strength points
higher than those of type 1 reference samples by
9.9% (7 days), 5.1% (14 days), and 4.8% (28 days),
but 5.3% (7 days), 2.4% (14 days) and 4.8% (28 days)
lower than those of type 2-2. The average strength
points ranged from 24.3 to 42.8 MPa.
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Figure 1 - Plots of growth of compressive strength of the tested samples: 7-day (a), 14-day (b), and 28 days (c)

Samples of type 2-2 showed strength points
higher than those type 1 reference samples by
16.05% (7 days), 7.8% (14 days), and 10.1% (28
days), but 7.7% (7 days), 8.9% (14 days) and 6.1% (28
days) lower than those of type 2-3. The average
strength points ranged from 25.66 to 44.97 MPa.

Samples of type 2-3 showed strength points
higher than those type 1 reference samples by 25.8%
(7 days), 18.4% (14 days), and 17.3% (28 days), but
4.2% (7 days), 4.8% (14 days) and 2.5% (28 days)
lower than those of type 2-4. The average strength
points ranged from 27.82 to 47.91 MPa.

Samples of type 2-4 showed strength points
higher than those of type 1 reference samples by

31.4% (7 days), 24.3% (14 days), and 20.4% (28
days), but 8.5% (7 days), 1.7% (14 days) and 1.8% (28
days) lower than those of type 3-1. The average
strength points ranged from 29.07 to 49.17 MPa.

Samples of type 3-1 showed strength points
higher than those of type 1 reference samples by
43.8% (7 days), 26.6% (14 days), and 22.7% (28 days)
but 4.4% (7 days), 5.1% (14 days) and 4.4% (28 days)
lower than those of type 3-2. The average strength
points ranged from 31.8 to 50.11 MPa.

Samples of type 3-2 showed strength points
higher than those of type 1 reference samples by
50.5% (7 days), 33.5% (14 days), and 28.4% (28
days), but 3.3% (7 days), 2.3% (14 days) and 2.7% (28

8
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days) lower than those of type 3-3. The average
strength points ranged from 33.29 to 52.43 MPa.

Samples of type 3-3 showed strength points
higher than those of type 1 reference samples by
55.8% (7 days), 36.7% (14 days), and 32.1% (28
days), but 5.5% (7 days), 3.4% (14 days) and 2.3% (28
days) lower than those of type 3-4. The average
strength points ranged from 34.46 to 53.94 MPa.

Samples of type 3-4 showed strength points
higher than those of type 1 reference samples by
64.9% (7 days), 41.6% (14 days), and 35.2% (28
days), but 1.8% (7 days), 1.4% (14 days) and 1.5% (28
days) lower than those of type 4-1. The average
strength points ranged from 36.47 to 55.23 MPa.

Samples of type 4-1 showed strength points
higher than those of type 1 reference samples by
67.9% (7 days), 43.6% (14 days), and 37.4% (28
days), but 6.5% (7 days), 5.6% (14 days) and 4.8% (28
days) lower than those of type 4-2. The average
strength points ranged from 37.14 to 56.14 MPa.

Sample type 4-2 showed strength points higher
than those of type 1 reference samples by 79.7% (7
days), 52.5% (14 days), and 44.4% (28 days), but
4.9% (7 days), 3.2% (14 days) and 2.8% (28 days)
lower than those of type 4-3. The average strength
points ranged from 39.75 to 58.96 MPa.

Sample of type 4-3 showed strength points
higher than those of type 1 reference samples by
89.1% (7 days), 57.4% (14 days), and 48.7% (28
days), but 0.8% (7 days), 2.4% (14 days) and 1.6% (28
days) lower than those of type 4-4. The average
strength points ranged from 41.83 to 60.72 MPa.

Samples of type 4-4 showed strength points
higher than those of type 1 reference samples by
90.8% (7 days), 61.4% (14 days), and 51.2% (28
days), but 0.9% (7 days), 0.2% (14 days) and 0.2% (28
days) lower than those of type 5-1. The average
strength points range from 42.19 to 61.74 MPa.

Samples of type 5-1 showed strength points
highest than those of type 1 reference samples by
92.6% (7 days), 61.8% (14 days), and 53% (28 days),
but 0.3% (7 days), 1.4% (14 days) and 0.2% (28 days
lower than those of type 5-2. The average strength
points ranged from 42.6 to 62.48 MPa.

Samples of type 5-2 showed strength points
highest than those of type 1 reference samples by
93.3% (7 days), 64.1% (14 days), and 53.4% (28
days), but 1.1% (7 days), 1.4% (14 days) and 0.3% (28
days) lower than those of type 5-3. The average
strength points ranged from 42.75 to 62.66 MPa.

Samples of type 5-3 showed strength points
highest than those of type 1 reference samples by

95.5% (7 days), 64.4% (14 days), and 53.9% (28
days), but 1.4% (7 days), 0.1% (14 days) and 1.2% (28
days) lower than those of type 5-4. The average
strength points ranged from 43.24 to 62.87 MPa.

Samples of type 5-4 showed strength points
highest than those of type 1 reference samples by
98.5% (7 days), 64.7% (14 days), and 55.9% (28 days)
than type 1 samples. The average strength points
ranged from 43.89 to 63.66 MPa.

The analysis of the results of the conducted
experiments has shown that in types 2-1 - 5-4, the
compressive strength limit is within 42.8-63.66 MPa
(28 days), and for the reference type 1 is 40.83 MPa,
that is, this figure is 1.5 times greater than for the
sample of type 1. According to the results, the
hardening process occurs not only in the initial
stages, but also continues to gain strength evenly in
the subsequent time and to a greater extent
increases the mass strength, which positively
characterizes the samples with the use of CMA. It is
likely that such differences in the effect on cement
stone with CMA, are due to different mechanisms of
action. When comparing the strength index of the
sample prepared according to the sample, equal to
40.83 MPa, with the proposed compositions, which
were between 42.8-63.66 MPa, it can be assumed
that the samples of types 2-1 to 5-4 are of higher
quality. The highest strength is observed when using
the amount of additive in the amount of 2.5-7.5% of
the weight of cement. This difference is explained by
the modifying effect of CMA on the dispersive and
morphological content of the new cement stone
compounds. At the same time, the modified
structure has a higher resistance to destruction.

As a consequence of the data obtained, it can be
stated that the samples using CMA had a higher
strength on day 7 - 24.3-43.89%; on day 14 -34.5-
54.04% and on day 28 - 42.8-63.66% when
compared with the reference sample. These results
state that CMA increases the rate of strength gain in
the early periods of hardening and contributes to
high strength. Studies have shown that
compositions containing 2.5 to 10% additives are the
most effective, allowing for a 20% increase in the
strength of the concrete. The compressive strength
of such samples exceeds the value of strength
without additive stone by 26.63%. The analysis of
the obtained results shows that a positive effect on
the kinetics of hardening has CMA on 7, 14, and 28
days of hardening, in contrast to the analog. These
results state that CMA increases the rate of strength
gain and contributes to high strength.
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Figure 2 shows a diagram of the change in
bending strength of the samples as a function of
curing time. Analysis of the diagram shows that the
strength of the samples increases smoothly and
uniformly. Research of samples carried out with
CMA increases the strength by 15-20%.

The results of behavioral studies on the bending
strength of samples at 28 days of age were for:

Type 1. The test results of the reference sample
were R = 5.5 MPa. The bending strength gain was 0
%.

Type 2-1. Test results of the samples with the
added CMA amounted to R= 5.88 MPa. The strength
gains increased by 6.9% compared to the control
composition (reference sample).

Type 2-2. Test results of the samples with the
added CMA amounted to R=6.18 MPa. The strength
gain increases by 12.36% compared to the control
composition.

Type 2-3. Test results of the samples with the
added CMA amounted to R= 6.59 MPa. The strength
gain increases by 19.81% compared to the control
composition.
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Type 2-4. Test results of the samples with the
added CMA amounted to R=6.76 MPa. The strength
gain increases by 22.9% compared to the control
composition.

Type 3-1. Test results of the samples with the
added CMA amounted to R=6.89 MPa. The strength
gain increases by 25.27% compared to the control
composition.

Type 3-2. Test results of the samples with the
added CMA amounted to R=7.21 MPa. The strength
gain increases by 31.09% compared to the control
composition.

Type 3-3. Test results of the samples with the
added CMA amounted to R=7.41 MPa. The strength
gain increases by 34.72% compared to the control
composition.

Type 3-4. Test results of the samples with the
added CMA amounted to R=7.59 MPa. The strength
gain increases by 38% compared to the control
composition.

Type 4-1. Test results of the samples with the
added CMA amounted to R=7.72 MPa. The strength
gain increases by 40.36% compared to the control
composition.
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Figure 2 - Bending strength of samples at 7, 14, and 28 days
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Type 4-2. Test results of the samples with the
added CMA amounted to R=8.11 MPa. The strength
gain increases by 47.45% compared to the control
composition.

Type 4-3. Test results of the samples with the
added CMA amounted to R= 8.35 MPa. The strength
gain increases by 51.81% compared to the control
composition.

Type 4-4. Test results of the samples with the
added CMA amounted to R= 8.49 MPa. The strength
gain increases by 54.36% compared to the control
composition.

Type 5-1. Test results of the samples with the
added CMA amounted to R= 8.59 MPa. The strength
gain increases by 56.18% compared to the control
composition.

Type 5-2. Test results of the samples with the
added CMA amounted to R=8.61 MPa. The strength
gain increases by 56.54% compared to the control
composition.

Type 5-3. Test results of the samples with the
added CMA amounted to R= 8.64 MPa. The strength
gain increases by 57.09% compared to the control
composition.

Type 5-4. Test results of the samples with the
added CMA amounted to R= 8.75 MPa. The strength
gain increases by 59.09% compared to the control
composition.

The highest strength values were achieved in the
compositions from 3-1 to 5-4 with an additive
content of 2.5 to 7.5% of the cement weight. The
highest bending strength at the age of 28 days,
reaching 8.75 MPa, was obtained for the
composition 5-4 (Figure 2). A slight increase in
strength was observed in the bending test of beam

samples made from types 5-3 and 5-4. Statistical
analysis of the bending strength characteristics also
showed a close relationship and relatively high
convergence of individual values. In this case, the
coefficient of variation does not exceed 14%; with a
95% confidence probability, the reliability
coefficients do not exceed 1.17.

When the dose of CMA is increased, there is a
qualitative change in the effect on strength and
intensive growth of strength. In samples with
different percentages of CMA (or without), the
benefit of a certain amount of CMA on strength was
clearly illustrated in Figures 1 and 2. During the
curing process, additives have a significant effect on
the bending properties of the samples, creating a
strong framework in the structure, which explains
the subsequent maximum increase in performance.
Thus, based on the tests conducted, it was found
that with the addition of CMA in the cement
composition, the strength of samples tested in
compression and bending, increases.

Figure 3 shows the data on the ratio of the
compressive and bending strength at the age of 28
days of binders with different compositions
described by the dependence R, = 0,128 R"‘!
and characterized by the highest value of indicator
R?=0,9992, which shows a close correlation
between values of compressive strength and
bending strength. Thus, in terms of achieving the
best results on the ratio of the compressive strength
and bending strength, it is advisable to consider the
composition of the binder with an additive ranging
from 2.5 — 7.5% (post-alcohol bard) at a ratio of
gypsum from 1 to 2%.
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Figure 3 - Ratio of compressive and bending strengths
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Conclusion

The following conclusions can be made based on
the results of experimental research that the
complex modified additive (CMA) shows a better
water-reducing action than the composition with no
additive (type 1). Based on the results of the study,
the authors determined that the addition of
additives reduces the quantity of water by 35%, and
therefore increases the strength of the finished
concrete. The results of the compression strength of
the reference sample equal 40.83 MPa with the
proposed compositions, which was in the range of
42.8-63.66 MPa, we can assume that the modified
samples of types 2-1 - 5-4 are of higher quality. And
in the case of bending strength at 28 days of age,

reaching 8.75 MPa, the highest figure was obtained
for the composition 5-4.

Analyzing the obtained dependencies, we can
conclude that for this type of additive, the maximum
effect is observed at a concentration of 2.5-7.5 %
(post-alcohol bard). The additive showed an optimal
positive effect, so the use of this percentage of
additive is most effective in increasing the
compressive and bending strength of concrete.
Thus, according to the results of the research, the
positive effect of CMA activation was established.
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CnupTTeH KeidiHri Ten (6apaa) HerisiHaeri KeweHai moguduKaumanaHsaH

KOCNaHbIH 6eTOHHbIH, 6epiKTiK cunaTramanapbiHa acepi

!AntbiH6ekoBa A.[., JlyknaHos P.E., ' Oiocembunos A.C., 'Ackepbekosa A.M.,

2T'yHacekapaH Mypanu

1/1.H. l'ymunee amoiHOarbl Eypasusa yammelk yHusepcumemi, AcmaHa, KasakcmaH

23epmmey HaHe UHHO8AUUA Kagedpacsl, Ymmaparyan yHusepcumemi, AexpadyH 248007, YHAicmaH

TYWIHAEME

MakKanaga KeweHai moamoukaumuanaHFaH KOCNaHbl 3epTTey HATUKENEPIHIH, YIWiHLWI Ke3eHj, AFHN

OCbl KOCMa KOMMOHEHTTEepiHiH, aybicnanbl KypambliHbIH, LLleMeHTTiH bepiKTiriHe acepi KenTipinrex.

Byn XymbICTa yarinepai kacay agictemeci, KOMMNOHEHTTEPAiH, ap TYpPAi Naibi3biHAAFbI KOCMAHbIH,

KYPamblH TaHAay JKaHe asblHFaH HaTuxkKenepdiH 6epikTik cunaTTamanapbiHbiH, Tangaybl

KepceTinreH. bepikTikTeri e3repicTepai 6afanay ywiH yarinep aavibiHaansin, onapabiH, 7, 14 kaHe

28 ToyniKTe Ka/biNTbl biAFaNAblNblKTa KaTalo KesiHA4e KbiCybl MEH Minyi cbiHanfaH. Taxipube

Makana kengj: 13 Keipkyliek 2022
CapanTtamagaH eTTi: 14 kapawa 2022
Kabbinganabl: 30 kaHmap 2023

HaTMXKenepi KepceTKeHAeW, Kocnanapabl — nnactudukatopnapabl (CNUMPTTEH KeWiHri TenTe)
KOCKaHAa CyablH, MeswepiH 35%-fa aeiiH TomeHaetesi, 6eToHHbIH 6epikTiriH 20%-Fa apTTbipaapbl.
MopguduKaumanaHraH yArinepain, Kbicy skaHe niny 6epikTiriHiH, HaTUXKenepi 6akblnay KypambiMeH

canbicTbipFaHga 42,80-63,66 MMa kaHe 3,34-8,75 MMa apanbifblHaa 6GONFaH €H, XaKCbl

HaTUXKeNepai KepceTTi. 3epTTey HaTUKenepi 6olbIiHIWA KOCNaHbIH KaTalobl Tesaeneai *KaHe Kocna

6ETOHHbIH, epTe KacblHAA A3, }KaHe }0basblK acTta Aa (28 KyH) BepIKTIKTIH, ecyiHe biknaa eTeTiHi

aHblKTanapl. Taxipube HaTUKeNepi yATINepAiH cananblK CMNATTaMaNapbIH KaKCapTy TYPFbICbIHAH

nnacTMOMKATOPAbIK Kocnanapabl KOMLaHy OpblHAbl EeKeHiH KepceTTi. BeToH KocnacbliHaa

nnactudukaTopnapapl KongaHy ayblp 6eTOHHbIH TO3IMAINIrH KaHe BGepiKTiriH anTap/biKTan

apTTbipagbl. Jemek, Kypaeni TYpAeHAipeTiH KocnaHbl KonaaHy 6ETOHHbIH, KYPbIbIMbIH MaKcaTTbl

TYPAE ©3repTyre »KoHe CON apKblibl GU3MKANbIK-MEXAHUKA/bIK MapamMeTp/iep KELEHIH KaHe

moambukaumanaHFaH 6eToHHbIH BEPIKTIriH aiTapAbliKTal apTTbipyFa MYMKIHAIK 6epeai.

TyiiiH ce30ep: 6ETOH, LeMEeHT-KYMHbIH, epiTiHAiCi, KaTalo yAeTKiwi, cnupTTeH KeliHri Ten (bapaa),

KelweHai moambukaumanaHFaH Kocna, naactuduKkaTop, niny 6epikriri, cbifblny 6epiKkTiri.
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AHHOTALMUA

B craTbe npeacTtaBneH TPeTM  3Tam  pPe3ynbTaTOB  WMCCAEAOBAaHWMA  KOMIMJIEKCHOWM
moamounumposaHHoi gobasku (KMJ), B TOYHOCTM BAMAHMSA BapnaTUBHOMO COCTaBa KOMMNOHEHTOB
[06aBKM Ha MapouyHyl NPOYHOCTb LemeHTa. B gaHHOW paboTe nokasaHa MmeTomonorus
BbINO/NIHEHMA 06pa3uoB, nNoabop coctaBa A06aBKM MpU PasHOM MPOLLEHTHOM COOTHOLIEHWUW
KOMMNOHEHTOB U aHa/N3 MPOYHOCTHbIX XapPaKTEPUCTUK MOJIYyY4EHHbIX Pe3ybTaToB. ﬂ,ﬂﬂ OLLEHKM
WN3MEHEHWUI MPOYHOCTU BbINN M3roTOBAEHbI 06Pa3Lbl U UCMbITAHbI Ha CKaTWe M M3rMb B BO3pacTe
7, 14, n 28 cyTOK HOPMa/IbHO-BNAXKHOCTHOTO TBepAeHUA. Pe3ynbTaTbl 3KCNepMMeHTa nokasanu,
yTO BBeAeHue fobaBoK - NiacTuounKkaTopos (NnocnecnupTtoBan b6apaa) CHUXKAET KOMYECTBO BOAbI
[0 35%, nosblwan Npo4YHOCTb 6eToHa Ha 20%. Pe3ynbTaTbl MPOYHOCTM Ha CXaTue M u3rmbe
MOAMOULMPOBAHHBIX 06pasLoB MOKasanu HawuayyliMe pesy/ibTaTbl, KOTOpble HaxoAWAWUCb B
AunanasoHe 42,80-63,66 MMMa u 3,34-8,75 MIMa, no cpaBHEHUIO C KOHTPOJIbHbIM cocTaBom. W3
pe3ynbTaToB WccnefoBaHMI fobaBKa, yCKOpseT TBepAeHuMe W YCTaHOB/AEeHO, 4YTo fobaBKa
cnocobCcTBYET POCTY MPOYHOCTH, KakK B paHHeM BO3pacTe, Tak U B NPOEKTHOM Bo3pacTe (28 cyTok).
Pe3ynbTaTbl 3KCNEPUMEHTA NOKA3a/u, YTO C MO3ULMIA NOBbILWEHNA KAYeCTBEHHbIX XapaKTEPUCTUK
06pasyoB MNpuMMeHeHWe naacTuouumpyowmnx afobaBok uenecoobpasHo. Mcnonb3oBaHue
nNacTMduKaTopoB B HETOHHOW CMecUM 3HAYUTENIbHO MOBbIWAET CTOMKOCTb M [0/TOBEYHOCTb
TAXenoro 6etoHa. CnepoBaTenbHO, NPUMEHEHUE KOMMNEKCHOW moaunduumpytowein aobasku
No3BO/IAET LieIeHanpaBeHHO U3MEHUTb CTPYKTYPY BETOHA U TEM CaMbIM 3HAYUTENIbHO YBENWUYUTD
KomMnieKc GU3MKO-MeXaHMYECKUX NOKasaTenel u LONTOBEYHOCTb MOANPULMPOBAHHBIX GETOHOB.
Kniouesbie cnoea: 6eTOH, LeMEHTHO-NeCcYaHblil PacTBoOp, YCKOPUTENb TBEPAEHWUA, KOMMNIEKCHas
moavounumpyowas gobaska, nocnecnuprosan bapaa, naactuduKaTop, NPOYHOCTb NpU U3rube,
NPOYHOCTb Ha CXKaTue.
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ABSTRACT

This article presents a mathematical model in the form of static equations of dependencies of input
and output flows based on the equations of material and heat balance for the purposes of
operational planning and control of the complex technological complex of Vanyukov melting (PV).
Dynamic characteristics are presented for the purpose of controlling the thermal regime based on
the technology of the developed melting process with blowing from below. As a result of the study,
the developed mathematical model for controlling the smelting process when calculating the
material flows of the charge will allow tracking changes in the thermal state of the smelting (by
the copper content in the matte). This model can quite well describe the dynamics of the state of
the process, both when establishing the impacts aimed at increasing the heating of the furnace,
and at reducing its heating. Based on the equations, a computer model based on the dynamic
programming method in the MATLAB software package has been developed. The scientific novelty
lies in the fact that for the first time, the structure of a mathematical model has been developed
that describes the processes occurring in the over-tuyere zone and the sludge zone of the smelting
products.
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Introduction

reacting copper concentrate with oxygen in a molten
bath. In [2], several technologies have been
developed based on the principles of bath melting,

Smelting is one of the important processes in
copper metallurgical production, in which copper
and iron sulfides are oxidized to form molten matte
and slag. Flash smelting and pool smelting are the
main smelting technologies in copper production.
[1]. Copper concentrates react with oxygen directly
in the flash smelting process, which has the
advantages of high productivity and automatic
control. However, the flash-melting furnace requires
fine and dry materials to allow fast reactions. As a
result, feed preparation is required for a significant
process, and dust levels are relatively higher. It has a
limited ability to process scrap and other large
copper-bearing materials. Bath melting is an
alternative flash melting technology that involves

including IsaSmelt/Ausmelt, Noranda/El Teniente,
Vanyukov, and the recently developed Bottom
Blowing Smelting (BBS) process. In the article [3],
BBS technology has generated a lot of interest from
the copper industry due to its unique processing
features such as good feedstock adaptability, high
oxygen utilization and thermal efficiency, and
flexible performance. Articles [[4], [5]] say that in
2016, 13 BBS furnaces were built with a capacity of
1600 thousand tons of copper per year. Basic
research, including slag thermodynamics and melt
bath fluid dynamics, has been widely carried out in
recent years to understand and support the new
technology. Reviews [[6], [7]] summarize the
development of the copper BBS, including its history,
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features, and related basic research. The aim of the
research is to develop a mathematical model of the
dependence of input and output flows based on the
equations of material and heat balance for the
purposes of operational planning and control of the
complex technological complex of Vanyukov
melting.

Experimental part

The mathematical model of the Vanyukov
process, developed in the framework of this study,
is supposed to be used for the purposes of
operational planning and management of the
technological complex.

Therefore, the mathematical model of Vanyukov
melting, which is supposed to be built, is selected in
the class of static models based on the equations of
material and heat balance for the main components
of the input and output flows (copper-containing
raw materials, concentrate, coal, air, oxygen,
combustion gas, matte, slag, caisson temperature,
exhaust gases, melt, dust, etc., released and
absorbed heat) [[8], [9]].

The general structure of the model describing
the process, where the input variables are the flow
rates and the chemical composition of raw materials
(concentrate, coal, charge, clinker), revolutions,
oxygen-air mixture blowing (OAC), volumes and
composition of air, oxygen, combustible gas, etc. d.
and output variables of the furnace operation:
quantity and composition of output products,
including [10]:

- charge and content of Cu, Si, Mg, S, etc.;

- matte and its content of Cu, S, Zn, P, etc.;

- slag and its content of CaO, SiO,, MgO, etc.;

- exhaust gases and their content of CO, CO,,
CHy4, N3, O;, etc.;

- dust and the content in it of the main
components of input and output materials;

- waste (in fractions of the number of
components in the input materials).

The basic equation for the relationship between
the output variables of the model and the input ones
is:

G =27 Bj/x @ Gj (1),
G& - is the amount of the i-th

component in the k-th output product;

where

ﬂ;,k - coefficient of extraction (transition) of the

i-th component from the j-th input material to the k-

th output product;

(X; - the content of the i-th component in the j-

th input stream (material), in fractions of units;
G,- the amount of the j-th input (source)

material.

The general form of equation (1) implies the
possibility of taking into account all input material
flows containing the i-th component (substance),
which can be understood as a chemical element (for
example, copper Cu, carbon C, etc.) and a stable
compound (for example, oxides of calcium, silicon,
magnesium - Ca0, SiO;, MgO, respectively, etc.). The
choice of components (i), as well as the input (j) and
output (k) material flows taken into account in the
model, depends on the production technology and
the nature of the ongoing physical and chemical
processes. In this case, one can focus on
metallurgical calculations of material and heat
balances, which, as a rule, sufficiently reflect the
current level of understanding (knowledge) of the
technological features of a particular production. As
a rule, the choice of component (i) largely depends
on the respective output product: for matte, these
are copper, carbon, and alloying metals; for slag -
slag-forming oxides; for exhaust gases and dust -
volatile and gaseous components [11].

Recovery factors used in the model (ﬂ}/k) are
widely used in metallurgical calculations. Their value
is quite constant (stable) for a well-established
production technology and the required accuracy of
calculations performed using a mathematical model.
However, for individual components to determine
their content in the output products, setting the
values of recovery factors requires additional
calculations or the use of other calculated ratios. So
the carbon content in the matte depends on the
nature of the redox processes in the furnace
(oxidation or carburization) [[12], [13]].

When constructing a mathematical model of the
technological regime, the requirements of the
material balance must be observed as for individual
components:

f=1/G=Yi=1 Gk

and by the total number of input and output

material flows:

1j1=1 szzgc=1 Gy

The process of charge preparation. Calculation
of the amount and composition of the charge. In
the absence of experimental data and by analogy
with metallurgical calculations, we believe that
copper, carbon, silicon, manganese, phosphorus,
and sulfur can be considered as starting materials in




KomnnekcHoe Wcnonb3oBaHne MuHepanbHoro Ceipbs. Ne4(327), 2023

ISSN-L 2616-6445, ISSN 2224-5243

the charge. After carrying out experimental studies
on an operating furnace, other components of the
raw materials and products of reactions occurring in
the furnace can be taken into account [[14], [15]].

The general equation for determining the mass
amount of components in the charge is:

Gen =2Xj=1Bjjen @ G, B =1

where j—index of initial (input) material flows —
concentrates (concl- bornite CusFeS,; conc2-
chalcopyrite - CuFeS,; conc3 - chalcocite - Cu,S),
fluxes (conc4 - bornite FeS,; conc5 - quartz Si0,;
concb - limestone - CaCOj3; conc7 - magnesite
MgCO;)

1) The amount of copper (Cu) in the charge:

Z =1 acu G aCO?‘LClGCO‘YIC1+aCOTlC2 GCOTlCZ

+ +aconc3Gconc3"‘ ach n Gen

Similarly, equations are written for calculating
the number of other components in the charge,
passing into it from the corresponding input material
flows containing these components.

2) Total charge:

Gch=2i

3) The composition of the charge, i.e. the
content of individual components (i) is determined
by the equation:

ignt

i G
1 _ Zch
ach - G
ch

Melting process. Calculation of the amount and
composition of the matte. The general equation for
determining the mass amount of components in the
charge is:

i
Gma‘

;}zlﬂ;/ma a;Gj =
ﬁiln.str/maal!n.str/maGma

(2)

where j - is the index of input material flows
coming out of the charge preparation process. When
calculating the amount of matte, all materials
containing the sum of copper in all forms (oxidized,
sulfide, etc.) For the conditions adopted in this
problem, the input copper-bearing flow is the charge
(index "ch"), the production charge (index "pch"),
oxygen in the blast (index "oxyg"), air (index "air"),
coal (index "coal"), converter slag (index "cslg"),
clinker (index "cl").

Theoretically, depending on the form of copper
in each material, the recovery factors from each
input material to the output product will be
different. Practically by analogy with the
metallurgical calculation, we can consider them the
same and use the average value of the copper

extraction coefficient from the matte (the last term
of equation 2).
1) The amount of copper (Cu) in the matte:

Cu_yn Cu Cu
Gma Jj= j/ma Gf ﬁch/ma h Gept
ﬁpch/ma

Cu
pchGpch"'.Bcslg/ms cslg cslg"'ﬁcl/ma cl G

Similarly, to equations, equations are written for
calculating the number of other components in the
matte passing into it from the corresponding input
material flows containing these components.

In equations, the index j means input material
flows containing the corresponding components
(copper, sulfur, etc.)

4) Total amount of matte:
= N GhatGrag =GEbAGRE G + GEL+

ignt
+G,’,,’ll¢’1+6 g

5) Matte composition, i.e. the content of
individual components (i), is determined by the
equation:

i
_ Gma

i
Oma = e
In metallurgical calculations, the composition of
the matte is usually given by the content of copper
and other components. In this case, the amount of
matte is determined by the equation:
GCu
Gma = ma/ Cur

ama
where a$% content of copper in the matte. The

amount of any component (i) in the matte is
determined by the expression:
Gma = Gma%ma-

Melt process. Calculation of the amount and
composition of slag. Components from the
feedstock and products of reactions occurring in the
furnace pass into the slag: oxide reduction,
oxidation, slag formation, etc.

The general expression for determining the
number of components in the slag is obtained from
the equation:

le =Z;lﬁ]l'/sla}i'6j (3)
1) The amount of calcium oxide (CaO) in the slag
CaO - n'BC/té(l) aCaOG .Br(;lcfl(;sl aCaOG

Cao Ca0 Cao
+ +ﬁpma/sl apmaGpma"' IBksl/sl 297 Gcsl
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Similarly, to this equation, equations are
written for calculating the amount and composition
of slag of other components.

Calculation of the total amount of slag:

G CaO + GSLOZ + GF3203 + GMgO + Glgnt

Calculation of the quantity and composition of
process off-gases. Exhaust technological gases are
formed due to the blast supplied to the furnace: air
(for combustion and transport of the pulverized coal
mixture), oxygen, gas and gaseous products of
chemical reactions of combustion, reduction,
dissociation, evaporation of crystallization and
ordinary moisture formed in the furnace, etc. [16].

Assuming that all input material flows are known
and given the chemical reactions occurring in the
furnace, it is possible to determine the mass amount
of the main (accounted for) components and
recalculate their content in the exhaust gases:

1) Gases from the reduction of charge oxides:

GCO _Z ]/Sla

Thermal balance of the smelting process and
the production of matte and slag in the Vanyukov
furnace. The main sources of heat are (per n kg of
charge):

1) Physical heat of the starting materials of the
charge:
Qmat > Mmat Cmat
where Q™# — heat materials;
MmMat — mass of m-th input material;
CImat — the average heat capacity of the m-th
input material;
Tmat —is the temperature of the m-th input
(initial) material.

mat
" Tm

2) Heat of charge:
Qch ZMmat

mat Tmat

3) Converter slag heat:
chl zMgsllat g?t Tcrglat

4) Total physical heat of materials:
Qmat Qch + chl

5) Air blast heat:
Q§=ZM,‘1‘" . Cccilir . Téli‘r‘

6) Heat of exothermic reactions

Exothermic reactions:
S+ 0, - S50,

Ca0 + Si0, — Ca,Si0,
Fe,0 + Si0, — Fe,Si0,
— comp
Qpy = — XY dH,- v
where Qg, - heat in melting;
= —(dH . Ms«02 dH. .My dH . Mg
QEx - ( T My, + T My, + T M

where the designation L corresponds to Ca,Si0,,
B-Fe,Si0,

7) Thermal energy due to fuel combustion (coal
combustion):
Qr =Xqr My
where g — the lower calorific value of fuel per
working mass, kl/kg

Qf =245 "My = qc,n, " Mc,ng + qc,m,, " Mc, iy,
where The main sources of heat consumption are
(per n kg of charge):

The heat removed from the process
products:
med Zn prod C}:lmd'Trﬁmd

8) The heat of matte:
1 prod prod prod
Qma=2Mmq "Chna “Thma

9) The heat of waste slag:

2 _ prod  ~prod mprod ign  ~ign  mign
Qsl_zMsl Csl Tsl +M.S‘l C T,

sl sl

10) The heat of the dust:

3 prod prod prod ign ign  mign
stt_szst Cdst Tdst +Mdst Cdst Tdst

11) The heat of gases:

Qdas=IMbas” - Cous” “ Toas
12) Heat of endothermic processes
Endothermic reactions:
2CuFeS; —» Cu,S + 2FeS + 0.55,
2CusFeS, — 5Cu,S + 2FeS + 0.55,
FeS, - FeS + 0.55,

MCOm
Qendo = Z dH, - —=F

Thermal balance:

Qma + Qs + Q3 + Qux + Q5
= Qtlh + Qszl + Qfleat + Q;as
+ Qendo

Development of a computer model for
controlling the thermal and material regimes of the
smelting process. A computer model for controlling
the furnace modes is developed in MATLAB Simulink
(see Figures 1-3). Figure 1 shows the general block
diagram of the Vanyukov smelting process control
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model for thermal and material conditions.
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Structural diagram
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Figure 1 — Structural diagram of thermal and material
control of the melting proces

As can be seen from Figure 1, the block diagram

of the mathematical model consists of two
subsystems: the heat balance calculation subsystem
and the material balance calculation subsystem. The
developed mathematical model for controlling the
smelting process can quite well describe the
dynamics of the state of the process, both when
establishing influences aimed at increasing the
heating of the furnace, and at reducing its heating.
Figures 2, 3 show: a subsystem for calculating
the heat balance, which will allow, when calculating
the material flows of the charge, to track changes in
the thermal state of the melt (by the copper content
in the matte) and the subsystems themselves for
calculating the material flows of the charge. These
subsystems for calculating the heat balance and
material flows of the charge consist of blocks of
mathematical operations and functional blocks of

the Simulink Library.

I Prodatt Qo

Produe1id
] ™
s

Figure 2 — Subsystem 1 for calculating the heat balance
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Figure 3 — Subsystem 2 for calculating the material flows
of the charge
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Figure 4 — Dynamics of changes in the copper content in
the matte in the transition process

As can be seen from Figure 4, an oscillatory
transient process in the furnace is observed if, after
the disturbance is applied, it will have the opposite
effect on the thermal state of the lower and upper
stages of heat exchange. In this case, the overshoot
value will be the greater, the more significant in
magnitude and sign this difference is. The most
predictable parameters affecting the copper content
in the matte are changes in the matte load, blast
moisture, and slag basicity.

The discussion of the results

The calculation of the dynamic characteristics of
the furnace should be based on fundamental
knowledge of the theory and practice of modern
"autogenous" processes, as well as the general
patterns of transient processes obtained using a
dynamic model of the melting process [17].
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The dynamic characteristics of the furnace
through the various impact paths vary considerably
depending on the properties of the molten raw
material, and the design and operating parameters
of the furnace. In this regard, it is advisable to
determine the static parameters from the model,
and the duration and magnitude of the delay of
transient processes in the object should be related
to the time of turnover of one volume of charge in
the furnace [[18], [19]].

The change in the oxygen concentration in the
blast and the flow of natural gas cannot be used as
parameters for controlling the copper content in the
matte. This is due to the variable influence of these
parameters on the thermal regime of the melt.
Forced regulation of natural gas flow and oxygen
concentration in the blast to control the copper
content in the matte can lead to results opposite to
those expected [20].

Conclusion

The work carried out in this research showed the
following results:

1) A mathematical model has been developed
for the dependence of input and output material
flows of the process of smelting copper concentrates
in the Vanyukov furnace.

2) On the basis of equations of material and heat
balance, the structure of a computer model has
been developed for the purposes of operational
planning and control of a complex technological
process of melting.

3) On the basis of models it is possible to form
the structure of a closed dynamic model (29-42),
which takes into account both the kinetics and
hydrodynamics of the processes flowing in the
Vanuykov melting processes. However, creating an
optimal control system is required to carry out
work on identifying the model and verifying its
adequacy, which requires the implementation of
quite complex, lengthy, labor-intensive, and
expensive studies, both the kinetics and
hydrodynamics of the process.

2) Under the conditions described, it will be

more efficient not to create a mathematical model
of the complex process of the copper smelting
process, but to develop a model for controlling this
process based on the experience, knowledge, and
intuition of operators-technologists working for a
long time at this facility.
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ABSTRACT

Text classification is a process that includes stages and approaches for the effective classification
of texts that are diverse in their structure. In this article, machine learning algorithms are
implemented, such as the support vector method, logistic regression, and the k nearest
neighborhood method for classifying texts collected from emergency news sites in Almaty. During
the experiment, a special role was played by the data collection stage, as well as their subsequent
processing. Prior to the classification of the data set, preliminary data processing was performed,
which includes such steps as the removal of stop words, tokenization, stemming, lemmatization,
feature extraction, and the construction of feature vectors. The data was obtained by automated
collection of information from open sources using a script. Experimental results show that the
classifier based on logistic regression provides the best performance results compared to other
types of algorithms. The performance indicators of each algorithm were obtained, which allows us
to perform a comparative analysis between them.

Keywords: machine learning, text classification, support vector machine, logistic regression, KNN,
NLP, preprocessing, emergencies.
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Introduction

On the Internet, the amount of data in the form
of text is increasing every day, that leads to the
necessity for studying and processing of this
information. Basically, the texts are unstructured,
but there is data that can be classified as partially
structured, they include email messages, blogs and
chats on social networks, articles on news sites,
electronic libraries, etc. This alignment requires
timely collection, monitoring and correct
classification of the incoming information flow [1].
While classifying texts, the correct and fast work is
required. It achieved by training on a pre-classified
data-set. After training the classifier, the selected

algorithm will properly categorize the provided data
[2].

Science covers a large number of articles and
researches based on theoretical evidences. Quite a
few studies are devoted to the practical evidences of
text classification. In the article [3], classification
algorithms were applied on the database collected
from social articles, consisting of unstructured and
raw texts.

The authors used ten algorithms, five of which
are based on machine learning methods, the rest are
vocabulary-based. The authors came to the
conclusion that almost all classifiers work correctly
when classifying English texts, but when classifying
foreign texts, more time and effort will be required.
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The article [4] implements a classifier of a
foreign language text. On a database consisting of
texts in the Persian language, classification methods
based on machine learning were applied. In this
article, support vector, logistic regression, and k
nearest neighborhood methods were used and
compared. The k nearest neighborhood (KNN)
method is a metric classification method based on
machine learning. The selected sample is classified
by calculating the distance of this object from other
samples. If the distance is the minimum threshold
value, the object is assigned this class. A large
number of positive characteristics stand out, such as
a simple theoretical basis, the ability to select
metrics to increase efficiency.

Support Vector Machine is a supervised machine
learning method. In this method, with the help of
calculations, the optimal hyperplane is found, which
divides the data set into several classes. The
definition and application of this method is
described in the article [5].

The logistic regression method is a supervised
machine learning method. This algorithm finds the
optimal hyperplane. This hyperplane will divide the
test set into classes [6]. If the value of the target or
target variable is of a categorical character, it is
advisable to use the logistic regression algorithm. In
the article [7], the authors consider the method of
logistic regression largely theoretical, exactly the
basic formulas for calculating the position of the
hyperplane, advantages and disadvantages.

The research work [8] provides a model for
classifying textual data in English. This work
indicates the stages of data collection, text
preprocessing, vector representation of text, as well
as classification algorithms based on machine
learning. Through a comparative analysis by metrics,
we choose the most effective machine learning
algorithm. In the article [9], the classification was
carried out between unlabeled data and data with a
positive class.

As a result, the authors obtained a classifier that
separates the new data set into a positive and
unlabeled class. The main feature of this article is the
moment of selecting parameters for each algorithm
separately, which gives excellent results. The work
[10] represents a number of articles on the topic of
text classification. The best and most significant
results in this topic are indicated. When categorizing
text by topic, it is necessary to highlight a number of
words that are suitable for describing each class. The
article [11] demonstrated the methods by which this
goal is achieved. More and more information is
being accumulated in social networks, and email

plays an important role among them. In the article
[12], such methods as SVM, classifier based on
neural networks, J48, classifier based on naive Bayes
are used to categorize texts received by e-mail. The
data set consisted of unnormalized spam and non-
spam messages. A feature of this article is that a
simple classifier based on J48 showed the best
results, although it is based on building a binary tree.

In the article [13], the authors noted that the
main factor of correct classification is the
presentation of the text. During the classification
process, four methods of text representation were
compared, such as phrases, RDR, key words, and N-
grams. To increase the efficiency indicators, it is
worth sorting out these methods and choosing the
best one. Many of us notice that information on the
Internet and social networks is becoming more and
more personalized. The research paper [14] deals
with news collected from newspapers. Thus, each
person receives the information in which he is
interested.

2. Materials and methods

2.1 Problem statement and data

Here considered the emergency situations of
technogenic and natural character of Almaty city.
Data on emergency situations were collected from
the news site https://tengrinews.kz, then a data
table was compiled for them.

The used dataset consists of a classification of 4
types of news about emergency situations. They are:

- Road traffic accidents are events involving
vehicles, as a result of which people or
environmental objects died and suffered, namely:
cargo, structures, property, etc.

- Flooding is an event that carry the nature of
submersion the environment as a result of a rise in
the water level in a local river, sea, lake due to such
causes as rain, congestion, snow.

- Afire is an event in which an uncontrolled fire
occurs, which entails material damage to a person
and his property.

- An earthquake is an event in which tremors and
vibrations occur during various interventions in the
earth's crust.

The dataset has 1712 lines and 3 columns. Each
line represents specific events, and each column has
different indications of those events. Each line of the
data set contains the following fields:

- Data-date of news publication;
- Content-content and description of news;
- Category-category of the event.

— 4 —/———
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2.2. Text classification

In the course of work the categorization of the
text, several stages were performed. Figure 1 shows
the general structure for categorizing emergency
news articles. Depending on the goal and
preferences of the performer, as well as the
expected result, the steps may change, but the
overall structure remains the same. As texts,
documents can be selected the data from open
sources or collected manually. The preprocessing
step can be omitted if necessary or have a different
structure.

In this study, special attention is paid to this
particular stage, since the data has irrelevant
elements and noise in the form of html language
characters. The stages of indexing and feature
selection cannot be skipped when classifying text
using machine learning algorithms. The fact is that
machine learning algorithms cannot accept natural
language data, which leads to the need to bring the
data into some numerical form to train the classifier.
These stages are interconnected and perform the
transformation of the text into a numerical form.
Text classification algorithms can be probabilistic for
example Naive Bayes, metricc k nearest
neighborhood algorithm, logical: decision tree,
linear: support vector machine, logistic regression,
neural network-based methods: RNN, CNN.

Mlamual text
processing

Text
preprocessing

I

Indexing

I

Feature selection

Classification
algorithm

Data collection

Evaluation }—

Figure 1 - Stages of text classification

2.2.1 Data collection

The website tengrinews.kz was chosen as the
data source. The web scraping program is written in
Python. And there are used libraries such as
BeautifulSoup, requests, fake-useragent, as well as
regular expressions. tengrinews.kz is a news website
of Kazakhstan that publishes information about
events on various topics [15]. For the classification
of texts on emergency situations, the topics of traffic
accidents, fire, earthquake and flood were

considered. In the process, a request of the type -
get was executed.

For a visual demonstration and ease of
perception, a site in the Python language was
designed. From the numerous sets of frameworks
provided by this language, was chosen the Flask
framework.

Figure 2 demonstrates a significant site for data
collection. To collect identification to identify
identified cases of dangerous situations. As a result,
the database contains an xIs file.

» C @ 1270.0.1:5000

Select the type of emergency

Figure 2 - Site for data collection

Table 1 provides general information about the
collected database

Table 1 - Database information

Volume 6,07 MB
Number of columns 3
Number of lines (news) 1712

2.2.2 Manual processing of the text

When classifying text without manual
processing, the performance indicators of the
selected machine learning algorithms were low, and
during the derivation of a set of features related to
each category, these features did not accurately
describe the category data, which prompted us to
take the process of collecting data manually. Manual
processing was carried out in an environment for
working with spreadsheets excel. We sorted the
news and filtered out irrelevant news into
categories. It was necessary to collect data on other
settings. As a result, the data was ready for software
processing.
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2.2.3 Preprocessing the dataset

Text pre-processing is a technique implemented
during the initial stages of text classification systems.
This stage is obligatory and may have a different
structure depending on the tasks set.

Text pre-processing is the actions that must be
performed when working with text in order to bring
the text into a suitable form for further work. This
process may change depending on the task and
preferences.

- Convert text to lowercase;

- Partial or complete removal of numbers;

- Removing punctuation and punctuation marks
in the text.

- Tokenization;

- Remove stop words. Such as connecting words,
prepositions, conjunctions, interjections;

- Stemming;

- Lemmatization;

-Vector representation of
CountVectorizer and TF-IDF.

When converting letters to lowercase, the
ready-made language function lower () was used.
Regular expressions were used to remove
punctuation and punctuation marks, as well as to
remove unwanted symbols and numbers. All of
these manipulations on texts were placed in a
function that we used repeatedly throughout the
experiment. Tokenization was performed by a
ready-made function, which makes it possible to
quickly complete this stage. For a large amount of
data, it is also necessary that the words have the
initial form, which leads to the fact that the
dimension decreases and the speed of the program
execution increases.

Morphological analyzer pymorphy2 written in
python converts words to normal form and returns
the grammatical basis of words. This library is quite
fast and uses the OpenCorpora dictionary. To
remove stop words, we used a dictionary from the
nltk library designed to perform all natural language
treatment processes.

words  using

2.2.4 Indexing

Indexing is the process of converting text into
numbers. Achieved using different models. For this
work, the “bag of words” models was tested. As a
result, the model calculated the weight of each word
in the overall text. H ereinafter, indexing is necessary
for the selection of features.

2.2. Feature Selection
One of the main stages in the text classification
system is the stage of feature selection. In the

process of performing this stage, factors such as the
number of keywords, the correspondence of
features to each category were taken into account.
With a large number of unigrams, the system is
considered ineffective. Table 2 presents the results
of the work on the selection of features.

Table 2 - Unigrams and Bigrams

fire flood Earthquake road
accident
Uni- burn, thousand, underground, | Car
gram ignition, | level, epicenter, crash,
fire, river, push, police,
firefight | water, magnitude, car,
er, flood earthquake driver,
flame road
accident
Bigram | tremor, earthquake, magnitude

2.3 Algorithm of classification

When performing this stage, the data is divided
into test and training samples, the training data is
used during the training of the algorithm, the test
data is used to evaluate the efficiency of the
classifier. In this work, machine learning algorithms
such as k nearest neighborhood algorithm, logistic
regression, and support vector machines were used
to classify news about emergency situations.

2.3.1 K nearest neighbor (KNN) method

The knn algorithm consists of two stages:
training and classification. During training, the
algorithm remembers the vectors of each
observation feature, in our case, the text, as well as
the class labels of each object. It is necessary to set
the parameter k, which is responsible for the
number of neighborhoods required for object
classification. During the stage of classifying an
object for which a class label is not specified,
neighborhood is determined and classification takes
place based on these calculations [16].

2.3.2 Support Vector Machine (SVM)

Support Vector Machine is a supervised learning
method that is known to be successful in a wide
variety of applications. The high generalizing ability
of the method makes it suitable especially for large
data such as text. The principle of operation of this
algorithm is to find the most correct hyperplane
(line) that will divide the data into two or more
classes. The algorithm receives at the input a certain
set of classified data for training, after which, when
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submitting unclassified texts, it outputs a class based
on the separating plane [[17], [18]].

The advantages of the algorithm:

- trainability of the algorithm even with a small
data set;

- the quality of the algorithm execution.

Disadvantages:

- problems in the presence of an outlier in the
data;

- Difficulty in selecting parameters.

2.3.3 Logistic Regression Method (LR)

During the research work, it was decided to use
multinomial logistic regression, due to the fact that
the number of classes is more than two. Multinomial
logistic regression is a variation of regular logistic
regression, but in which the number of categories is
greater than two. In our case, the number of
categories in the dependent variable is four. In this
algorithm, for each class in the number of the
dependent variable, it is necessary to construct an
equation as in binary (binary) logistic regression.
One of the categories becomes the main pillar, the
other categories of the dependent variable are
compared with it [[19], [20]].

Advantages:

- has incremental learning.

The disadvantages of this method are similar to
those of the SVM algorithm. Based on this
information, these methods were selected for
research and classification of texts on emergency
situations.

2.5 Research data analysis

Before proceeding with the preliminary
processing of a data set, it is advisable to conduct a
research analysis of the data obtained. In text
classification, the main problem faced by a large
number of studies is the imbalance of data. This
means that the data has the same amount across
classes. Let's say if there are two classes and 95 ways
tof processing unbalanced data. The first method
assumes undersampling the majority class and
resampling the minority class.

The second method implies the use of other
metrics to evaluate the error, such as fl-score,
recall, precision. When we analyze the data, we have
indicators in the form of percentage of observations
corresponding to each class. Figure 3 shows that the
classes are balanced, so we did not use methods to
compensate or remove the sample.

The next variable is the length of news by
category, the diagram shows the distribution of
length by category. From Figure 4, we can see that
all four categories of emergency situations are
almost the same length from 1000 to 2000 symbols.
But news about a fire has a little more symbols, and
news about an earthquake, on the contrary, has less
symbols compared to other categories.

road
accident

fire

flood

earthquale

Figure 3 - Percentage of the number
of news by category
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Figure 4 - Length of news by category

Results

For correct classification, it is necessary to take
into account the aspects of dividing data into train
and test. As practice shows, it is best to divide the
data in proportions of 20% to 80% or 30% to 70%.

Data consisting of texts about emergency
situations are divided in the proportions of 20-test
and 80-train. Further, on this data, machine learning
algorithms were used and the results of the
effectiveness of each of them were provided. The k
nearest neighborhood algorithm is calculated using
the Euclidean distance. The number of
neighborhoods affects the efficiency, so during the
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experiment, their values were chosen according to
high rates.

As shown in Figure 5, the classifier determined
the class of the 97 texts correctly. The values 1, 1, 3
in the first line indicate that the classifier made a
mistake 5 times in the course of work.

0

Figure 5 - KNN- confusion matrix

The metrics reflecting the efficiency of the
classifier are shown in table 3. The highest indicators
were obtained with the number of neighborhood
equal to 8.

Table 3 - knn algorithm indicators

KNN Accuracy | Recall Precision | F1

6 0.92128 | 0.92062 | 0.91270 | 0.91517
3 0.91253 | 0.91021 | 0.90863 | 0.90879
8 0.93294 | 0.92842 | 0.92488 | 0.92597

The support vector machine, as well as the k
nearest neighborhood algorithm, has reached high
values. In this method, the parameter, called the
core, was chosen as linear. In addition to the core,
the value of the “C” parameter was adjusted, which
is equal to 0.1. The effectiveness of this method was
evaluated using the same quality metrics, the
indicators of which are shown in Table 4.

Table 4 - Indicators of the SVM algorithm

Accuracy | Recall Precision F1

SVM | 0.96209 | 0.96179 | 0.95253 | 0.95658

In the Figure 6, you can see that the support
vector classifier correctly classified 98 out of 102
texts in the first category.

1 0 3
1 1 1
1 O 3
0 1 1

Figure 6 - SVM - confusion matrix

The results of the logistic regression method
showed the highest values, which can be seen in
Table 5 and the figure 7.

Table 5 - Indicators of the LR algorithm

Accuracy | Recall Precision | F1
Logistic | 0.97667 0.97452 0.97452 0.9734
Regress
ion

Figure 7 - LogisticRegression - confusion matrix
Conclusion

The aim of this article is to collect information
about emergency situations and the subsequent
classification of this data. Several methods of
machine learning were chosen as algorithms.

- Data collection was carried out from the site
tengrinews.kz.

- A text pre-processing process was performed,
which includes the steps of clearing and converting
the text to a number format.

- Before program processing, manual text
processing was performed in the excel environment.

- We checked the set of features describing each
category using the "bag of words' method.

- Comparing the methods of support vector
machines, logistic regression and k nearest
neighborhood , we came to the conclusion that
logistic regression is in many ways superior to other
machine learning algorithms. For comparison of
methods, were used the metrics such as precision,
f1, score, accuracy, recall.
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- We compared methods such as logistic
regression, k nearest neighborhood , support
vector

machine. According to the result of the study, all
three methods: support vector machine method,
nearest neighbor method and logistic regression
gave good results, but logistic regression is superior
to other machine learning classification algorithms

for the collected dataset. Method comparisons were
achieved using metrics such as accuracy, precision,
recall, f1 measure.
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TYRIHAEME

MaTiHaepai XKikTey-6yn KypblabiMbl 6OMbIHILA IPTYPAI MITIHAEPAT TMIMAI KiKTeyaiH KeseHaepi
MeH TacinaepiH KaMTUTbIH npouecc. byn makanaga Anmatbl KanacbiHblH, TOTEHLUE Kafaannap
JKOHIHAET KaHaNbIKTap CalTTapblHaH XUHANFAH MATIHAEPAI KiKTey YLWiH TipeK BeKTopaap aaici,
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Ky3ere acbipbinagpl. Taxipube bapbicbiHAQ AEPEKTepAi KMHAY KeseHi, coHAal-aK KeMiHHeH
onapabl eHaey epeKlle pen aTkapAbl. [epeKkTepaiH, KUbIHTbIFbIH KiKTeyaeH bypbiH aepekTepre
angplH-ana eHAey XKyprisingi, ofaH cTon ce3gepiH anbin TacTay, TOKEeHM3aumA, CTEMMMHT,
nemmatusaumn, benrinepai any, 6enrinepaid, BEKTOp/AapblH Kypy CUAKTbI Kagamgap Kipeai.
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6acka TypnepimeH canbICTbipFaHAA €H XaKCbl OHIMAINIK HaTUXKenepiH BepeTiHiH KepceTeai. 9p
ANTOPUTMHIH, TMIMAINIK KepceTKiwTepi anbiHAbl, 6yn onapabiH apacbiHAA CanbiCTbipManbl Tangay
»Kacayfa MyMKiHAIK Bepegi.
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AHHOTALUMUA

Knaccudukauma TeKCToB — 3TO MpOLLECC, BK/OYalOWMIA B cebs aTanbl M noaxodpl Ans
3 deKTMBHOM KnaccudrKaumMm pasHOBUAHBIX MO CBOEN CTPYKType TeKCToB. B gaHHOW cTaTtbe
peanusyloTca anropuTMbl MAWMWHHOTO OOYyYyeHWs, TakMe Kak MeToZ OMOpPHbIX BEKTOPOB,
norucTuuyeckas perpeccus, metog k 6avkalwmx cocepert Ans  KnaccuduKauum TeKCToB

Moctynuna: 24 dexabps 2022 COBpaHHbIX C HOBOCTHbIX CaliTOB MO YpPe3BblYaiHbIM CUTyaLMaM r. AmaTbl. B xoae akcnepumeHTa
PeueH3upoBaHue: 18 aHeaps 2023 ocobylo posnb urpan atan cbopa AaHHbIX, @ Takke MX nocnegywowas obpaboTka. MMepeps,
MpwvHaTa B nevatb: 31 AHeaps 2023 KnaccuduKaumen Habopa [AaHHbIX Npov3BoAWNach npeaBapuTesbHas 06paboTKa AaHHbIX,

KoTopaa BK/OYaeT B cebA TakuMe 3Tanbl KaK yAaneHWe CTOM-CN0B, TOKEHM3ALMA, CTEMMWUHT,
NeMMaTM3aumMA, U3BJEeYEHUE NPU3HAKOB, MOCTPOEHME BEKTOPOB NPU3HAKOB. [laHHble 6blin
NoNy4YeHbl C NOMOLLBIO aBTOMATU3MPOBAHHOTO cbopa MHGOPMALMK U3 OTKPbITBIX UCTOYHUKOB C
NMOMOLLBIO CKPUNTA. JKCMEepUMeHTa/bHble pe3y/ibTaTbl MOKasbiBaloT, YTO KAaccudukaTop Ha
OCHOBeE /IOFMCTUYECKOM perpeccun obecneunsaet HaunyyLwme pesynbTaTbl NPOU3BOAUTENBHOCTH
No CpPaBHEHWIO C APYrMMW BUOAMU anropuTMOB. Bblav nonydeHbl nokasatenn 3dbpekTMBHOCTM
KaK[0ro anropmMTmMa, 4To AaeT Ham BbINOJHUTb CPAaBHUTE/IbHBIN aHANN3 MEXAY HUMU.
Kntouesbie cnosa: MaliMHHOe obyyeHue, KnaccuduKauma TEKCTOB, METOA, ONOPHbIX BEKTOPOB,
noructuueckas perpeccusa, KNN, NLP, npeaobpaboTka, upessblyaliHble cUTyaLmn.
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ABSTRACT

This article is devoted to the study of the initial phase of obtaining alloy 1420, namely, obtaining a
primary material with the desired chemical composition. The effect of alloying magnesium,
zirconium and lithium on the strength properties of the material. In the work, the following
materials were used to obtain a cast aluminum alloy of the Al-Mg-Zr-Li system: aluminum of
technical purity AO or A5, magnesium Mg95, lithium LE-1, zirconium E100, aluminum-zirconium
ligature AlZr5, aluminume-lithium ligature AILi10. Two methods were used to introduce zirconium
into the liquid Al-Mg alloy: the introduction of pure zirconium and the introduction of zirconium
in the form of a ligature. Two methods were used to introduce lithium into the Al-Mg-Zr liquid
alloy: the introduction of lithium in the form of a ligature and the introduction of pure lithium.
Cast alloys of the Al-Mg-Zr-Li system with the following characteristics were obtained: chemical
Al-92.245%, Mg-5.00%, Zr-0.105%, Li-2.21%, Si-0.238%, impurities-0.202%.
Mechanical properties: Brinell hardness 85 HB, microhardness 139 MPa, compressive strength

composition:

149.6 MPa, elastic modulus 12 GPa, compressive yield strength 175.2 MPa and plastic deformation
modulus 0.83 GPa.
Keywords: aluminum, aluminume-lithium alloys, Al-Mg-Zr-Li, melting, casting, ligature
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Introduction

Among aluminum alloys, the alloys of the Al-Li

system are characterized by

1.9-2.3% Li; 5-6% Mg; 0.09-0.15% Zr; 0.1-0.3% Si, res.
Al
This article is devoted to the study of the initial

high strength  Phase of obtaining alloy 1420, namely, obtaining a

characteristics, high corrosion resistance, and are
easily amenable to any type of welding. It is known
that welded aluminum structures give a significant
weight advantage compared to riveted structures.
For example, welded aluminum structures reduce
the weight of aircraft, up to 15-25%. Earlier, in [1]
were considered alloys of the Al-Li system, their
types, properties, and applications. The simplest
alloy 1420, as well as the possibilities of its
production at Kazakhstani plants are considered in
more detail. This alloy, belonging to the high-level
category, has the following chemical composition:

primary material with the desired chemical
composition. To begin with, let's consider the effect
of alloying magnesium, zirconium and lithium on the
strength properties of the material.

Magnesium helps to increase the strength of
aluminum alloys due to the formation of a solid
solution of Al-Mg, as well as by deformation
hardening by riveting or cold hardening (Figure 1,2)
[[2],[3]]. As can be seen in Figure 1 and 2,
magnesium significantly affects the strength of
aluminum. With a magnesium content of 5% (wt.)
the yield strength of aluminum increases from 25
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MPa to 160MPa. With a magnesium content of 2.5%
(wt.) the ultimate strength increases from 180 MPa
to 320 MPa with cold rolling up to 80%.

In Al-Mg alloys containing up to 6% Mg, an
AlsMg, intermetallic compound is formed with a
solid solution of magnesium in aluminum. An
increase in the magnesium content by 1% increases
the ultimate strength of the alloy by = 30 MPa, and
the yield strength by = 20 MPa. At the same time,
the relative elongation decreases slightly and is
within the range of 30-35% [[4], [5]]. In addition, an
increase in the magnesium content of more than 6%
leads to a deterioration in the corrosion resistance
of the alloy. At a temperature of 300 °C, 6.7% Mg is
dissolved in the alloy. Magnesium, which has not
dissolved, is in the structure and forms AlsMg,,
MgsAlg compounds in solid solution. This does not
add additional strength, but reduces the plastic
properties of the alloy. To improve the plastic
properties of the alloy, the percentage of silicon and
iron in it is reduced, and zirconium and titanium are
added [[6], [7]].

Gy, MPa
200
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100
50

0
0 1 2 3 4 5
Magnesium, %

Figure 1 - The effect of magnesium on strength
of aluminum alloy

The influence of lithium on the properties of Al-
Mg and Al-Mg-Si alloys is given in [[8], [9], [10]]. The
authors found that in the process of artificial aging,
the dispersion-hardening phases of AlsLi, Al;MgLi
and Mg,Si are formed in the alloy. The fine phases of
AlsLi are isolated by reducing the solubility of lithium
in the solid state when added to the Al-Mg alloy. The
AlbMglLi phase is formed at a high magnesium
content >4%. The main hardening in Al-Mg and Al-
Mg-Si alloys occurs precisely due to the AlsLi and
Alb,MglLi phases. Also, the Al,MgLi phase improves
the corrosion resistance of the alloy itself.

o, MPa Mg-2,5%
400
300
. /
100
0

0 10 20 30 40 50 60 70 80 90

Cold-rolling compression, %

Figure 2 - The effect of deformation on strength of
aluminum alloy

The authors Shamas ud Din, Hasan Bin Awais
[[11], [12]] investigated the effect of lithium on the
properties of Al-Mg-Si alloys. The research results
showed (Figure 3, 4) that when lithium is introduced
up to 3%, the strength limit of Al-Mg-Si alloys
increases from 60 MPa to 350 MPa and when lithium
is introduced up to 2%, the microhardness increases
from 50 HV in the cast state to 90 HV in the aged
state.

@ Cast state O Aged state
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Figure 3 - The effect of lithium on the microhardness of
Al-Mg-Si alloys

It is known [1] that the addition of 1% lithium
reduces the density of the alloy by 3% and increases
the modulus of elasticity by 6%. For example, Figures
5 and 6 show the effects of lithium, magnesium, and
zirconium content on Young's modulus and
aluminum density. With an increase in the lithium
content to 1%, the density of aluminum decreases
from 2690 mg/cm3 to 2600 mg/cm? and the Young's
modulus increases from 66-67 GPa to 70-71 GPa
[[13],[214]]. With a lithium content of up to 1.8%, the
aluminum alloy has a low resistance to stress
corrosion, and at 1.9% the alloy becomes resistant
to corrosion cracking. With a lithium content of 1.9-
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2.0%, the tensile strength and yield strength
increases, but the plastic properties decrease. A
further increase in the lithium content from 2.1 to
2.3% contributes to an increase in looseness and the
appearance of cracks [[15], [16]]. As can be seen,
lithium is the most effective alloying element, which
significantly increases the Young's modulus and
reduces the density of aluminum.
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Figure 4 - The effect of lithium on the strength of
Al-Mg-Si alloys

Zirconium forms with aluminum and lithium a
composite intermetallic AlsZr—AlsLi, which improves
the ductility of the alloy. In aluminum alloys, the
AlsZr phase is used as a grain shredder, which
improves the impact strength [[17], 18], [19], [20]].

[
o
o

o)
o
L

80

70

Young's modulus, GPa

60
Mg
0 5 10 15 20 25

Element content, % by weight

50

Figure 5 - Effect of alloying elements on Young's
modulus

Thus, in this paper, the methods of alloying
lithium, magnesium and zirconium into aluminum
are considered. Difficulties in this work are
associated with the processes of introducing
zirconium and especially lithium into the liquid-alloy.
Information on the technology of obtaining alloy
1420 is not disclosed in open literature sources,

since this alloy with a strength of og = 415 MPa falls
under the export control regime of goods and
technologies for missile, dual-use and nuclear
purposes.
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Figure 6 - Effect of alloying elements on aluminum
density

The experimental part

To obtain the aluminum alloy of the Al-Mg-Zr-Li
system, melting and casting were carried out in a
vacuum induction furnace UIPV-0.001 (JSC "IMiO",
Almaty). The wunit is equipped with various
mechanisms and devices that load metal into the
crucible, electromagnetic mixing, casting into molds,
measuring the liquid-alloy temperature and
pressure in the chamber. The maximum heating
temperature of the furnace reaches 2000 ° C, the
residual pressure is 100 Pa. The entire process of
melting, aging, alloying, casting and cooling takes
place in a vacuum or in an argon atmosphere.

To determine the chemical composition and
study the microstructure of samples, samples with a
diameter of 40 mm and a height of 15 mm were cut
from cast bars. The samples were cut at the Brilliant
221 unit. The cut samples were ground and polished
on a Rubin 500 - Sahpir 320e machine using sanding
papers and polishing suspensions from 15 microns
to 1 microns. To identify the structure, the surface of
the samples was etched with 10% nitric acid solution
and 30% hydrofluoric acid solution. The
microstructure of the polished and etched samples
was studied using a Zeiss Axiovert 200 Mat optical
microscope. The chemical composition was studied
using an X-ray fluorescence semi-quantitative
spectrometer Axios 1kW PANalytical (JSC"IMiQ"), an
atomic emission spectrometer Optima 8300 DV (JSC

—— 34 ——
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"IMiO") and an electron probe chemical analyzer
Joel Superprobe 733 (Institute of Geological
Sciences named after K. I. Satpayev). To study the
mechanical properties, compression tests were
carried out on Shimadzu AG testing machine (JSC
"IMiQ"), Brinell hardness on the HBV-30A hardness
tester (JSC "IMiO") and microhardness on the PMT-
3 microhardometer (JSC "National Center for Space
Research and Technology"). For compression tests,
cylindrical samples were manufactured according to
GOST 25.503-97 with dimensions of 40/60 mm. To
determine the Brinell hardness, samples were made
according to GOST 9012-59 with the extrusion of a 2
mm ball of hardened steel up to 10 prints with a load
of 5 kgf. To determine the microhardness, the
samples were made according to GOST 9450-76 with
the extrusion of a diamond pyramid up to 30 prints
with a load of 10 g. The phase composition of the
samples was determined using an X-ray
diffractometer DRON-3. Polished samples in the
form of square plates with dimensions of 10/10/1
mm were prepared for the study.

In the work, the following materials were used
to obtain a cast aluminum alloy of Al-Mg-Zr-Li
system: aluminum of technical purity A0 or A5,
magnesium Mg95, lithium LE-1, zirconium E100,
aluminum-zirconium ligature AlZr5, aluminum-
lithium ligature AlLi10. The composition of the
charge materials from which the cast alloys of the Al-
Mg-Zr and Al-Mg-Zr-Li systems were smelted is
shown in Table 1.

Two methods were used to introduce zirconium
into the Al-Mg liquid-alloy: the introduction of pure
zirconium (series No. 1) and the introduction of
zirconium in the form of a ligature (series No. 2). Two
methods were used to introduce lithium into the Al-
Mg-Zr liquid-alloy: the introduction of lithium in the
form of a ligature (series No. 3) and the introduction
of pure lithium (series No. 4). All series of
experiments are given below:

Experiment Series No. 1. Aluminum AOQ,
magnesium Mg95 and zirconium E100 were used to
produce the Al-Mg-Zr liquid-alloy. Aluminum and
zirconium charge was simultaneously introduced
into the crucible. Since the melting point of
zirconium is higher than the melting point of
aluminum, melting was carried out in a vacuum of
100 Pa at a temperature of 800 ° C, then kept for 5
minutes and cooled to 700 ° C, after which argon was
injected to prevent magnesium evaporation and
magnesium was injected. After that, the melt was

kept for 5, 10, 20 minutes and cast into a graphite
mold. Cooled in the chamber.

Experiment Series No. 2. Aluminum A5,
magnesium, and zirconium ligature AlZr5 were used
to produce the Al-Mg-Zr liquid-alloy. Aluminum and
zirconium ligature were simultaneously loaded into
the crucible, melted in a vacuum of 100 Pa at a
temperature of 800 °C. At this temperature, they
were kept for 5 minutes, after which the liquid-alloy
was cooled to 700 °C, then argon was injected and a
magnesium charge materials were introduced. After
that, the liquid-alloy was kept for 5, 10, 20 minutes
at a temperature of 700 °C. Then the liquid-alloy was
poured into graphite molds and cooled in the
chamber.

Experiment Series No. 3. Aluminum A5,
magnesium Mg95, zirconium ligature AlZr5, lithium
ligature AlILi10 were used to produce the Al-Mg-Zr-Li
liquid-alloy. Aluminum, lithium ligature and
zirconium ligature were melted at a temperature of
700 °C in an argon medium, then a magnesium
suspension was introduced and kept for 5, 10 or 20
minutes at the same temperature. After that, the
finished liquid-alloy was poured into a graphite mold
and cooled inside the chamber.

Experiment Series No. 4. Aluminum A5,
magnesium Mg95, lithium LE-1 and zirconium
ligature AlZr5 were used to produce the Al-Mg-Zr-Li
liquid-alloy. Aluminum, lithium and zirconium
ligature were melted at a temperature of 700 °C in
an argon medium and a magnesium charge
materials were added, then kept for 5, 10 or 20
minutes at a temperature of 700 °C in an argon
atmosphere. After that, the finished liquid-alloy was
poured into a graphite mold and cooled inside the
chamber.

Results of the experiment series No. 1-4

The chemical composition of the obtained cast
samples of Al-Mg-Zr-Li with different sequences of
magnesium, lithium, AlZr5 and AILi10 ligatures is
shown in Table 2.

As can be seen from Table 2, the samples
obtained in Series No. 1 contain a significant silicon
content of 0.269-0.346% and other impurities of
0.735-0.78%. The use of A0 grade aluminum with a
high impurity content does not give the desired
result in terms of purity of the chemical
composition, the total impurity content of which
reaches up to 1.14%. The impurity content of more
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Table 1 - Elemental composition of the charge materials in a series of experiments

Samples of Elemental composition of the charge materials, % by weight.
charge materials | A/ Mg Zr Alzr5 Li AlLi10
of a series of (Zr-5%) (Li-10%)
experiments
1 93.58 6.3 0.12 - - -
2 91.3 6.3 - 2.4 - -
3 91.38 5.3 - 2.4 2.2 -
4 70.3 5.3 - 2.4 - 22
Table 2 - Chemical composition of Al-Mg-Zr and Al-Mg-Zr-Li samples
Experiment Exposure time, Elemental composition, %
series min.
Al Mg Zr Li Si Impurities

No.1. Al +Zr+ Mg 5 91.828 6.238 0.122 - 0.346 0.735

10 92.76 6.034 0.124 - 0.344 0.76

20 92.687 5.987 0.123 - 0.269 0.78
No.2. Al +AlZr5 + Mg 5 93.044 6.138 0.107 - 0.203 0.24

10 93.285 6.023 0.102 - 0.212 0.24

20 93.372 5.733 0.105 - 0.201 0.22
No.3. Al-Mg+ AlZr5 + | 5 92.545 4.74 0.112 2.2 0.231 0.178
AlLi10 10 92.577 4.69 0.108 2.16 0.232 0.207

20 92.656 4.63 0.094 2.18 0.241 0.162
No.4. Al-Mg + AlZr5 + | 5 92.245 5.00 0.105 2.21 0.238 0.202
Li 10 92.443 4.87 0.101 2.1 0.235 0.210

20 92.588 4.73 0.098 2.14 0.250 0.183

than 1% negatively affects the mechanical The microstructures of the Al-Mg-Zr and Al-Mg-

properties of the alloy. Therefore, in the subsequent
series of experiments, a cleaner grade A5 aluminum
was used. In the whole series of experiments, a
decrease in the magnesium content is observed with
an increase in the exposure time from 5 to 20
minutes. The zirconium content in series No. 1, 2 and
4 is kept in the range of 0.098-0.124%, which
corresponds to the specified amount of suspension
for alloying. In series No. 3, the magnesium content
of the samples sharply decreases from the specified
5.3% to 4.63-4.74%, zirconium from 0.12% to 0.094-
0.112%. The decrease in magnesium in all series of
experiments is explained by the fact that magnesium
is an active element and over 560 °C interacts with
oxygen, which remains after pumping in a vacuum
chamber and is present in the composition of the
injected argon. The chemical composition of the
alloy obtained in the experiment series No. 4 with an
exposure time of 5 minutes is optimal, since the
chemical composition is close to the specified
content of the charge materials components and
contains fewer impurities.

Zr-Li samples obtained with a Zeiss Axiovert 200 Mat
optical microscope are shown in Figures 7 and 8.

AR SO
Figure 7 — Microstructures of the Al-Mg-Zr alloys
(magnification x200). Series No. 1.

Figure 8 — Microstructures of the Al-Mg-Zr alloys
(magnification x200). Series No. 2.
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As can be seen in Figure 7, the samples of Al-Mg-
Zr series No. 1 consists of Al, a solid solution of Mg
in Al and an intermetallic AlsMg,. The alloy also
contains a large number of clusters of primary
crystals in the form of needle plates. The separation
of primary AlsZr crystals from the liquid-alloy in the
studied temperature range of 700-800 °C is most
likely due to the heterogeneity of the liquid-alloy,
which is confirmed by the uneven separation of
particles in the form of clusters whose sizes reached
more than 100 microns (Figure 7). Thus, in the
course of research, it was found that as parameters
for melting and casting bars from the alloys of the Al-
Mg-Zr system, it is advisable to use zirconium
ligature instead of metal pieces of zirconium, since
zirconium in this case dissolves in the aluminum
liquid-alloy and separation of smaller primary
crystals of AlsZr < 100 microns occurs (Figure 8).
Introduction of zirconium ligature into the
aluminum liquid-alloy is an optimal choice when
melting the alloy, because the zirconium ligature is
evenly and faster distributed over the entire volume
of the liquid-alloy compared to metallic zirconium,
as evidenced by the analysis of the micrograph of
the Al-Mg-Zr alloy from series No. 2. In this regard,
in subsequent experiments of series No. 3 and No. 4,
a zirconium ligature was used to introduce zirconium
into the liquid-alloy.

The following phases are present in the
microstructure of the Al-Mg-Zr-Li alloys of series No.
3 and No. 4: Al, Mg solid solution in Al, AlsMg,, AlsZr.
As can be seen in Figure 9, the Al-Mg-Zr-Li alloy has
a dendritic structure with many different inclusions.
As it turned out, these inclusions appeared when the
AlILi10 ligature was added.

Figure 9 — Microstructures of the Al-Mg-Zr-Li alloys
(magnification x200). Series No. 3

As is already known, lithium is coated with an oxide
film at room temperature. The introduction of such
a ligature into the aluminum liquid-alloy leads to the

appearance of many oxide films. These captives
complicate the merging into the mold and fall into
the cast bar. Lithium could also react with hydrogen
(present in argon) at 500-700 °C, with iron and
silicon (present in aluminum) at 600-700 °C and with
carbon (graphite cast). When composing the charge
materials, it is recommended to exclude the use of
AILi10 ligatures.

As can be seen in Figure 10, in the structure of
the Al-Mg-Zr-Li alloy of series No. 4 there are also Al
phases, Mg solid solution in Al, AlsMg,, AlsZr. The
multitude of phases makes it difficult to visually
identify each phase, including the lithium phases
that are present in the alloy.
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Figure 10 — Microstructures of the Al-Mg-Zr-Li alloys
(magnification x200). Series No. 4

To determine the phases with lithium, an
additional X-ray diffractometric analysis was
performed on a DRON-3 diffractometer. The results
of the phase analysis are shown in Figure 11.
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Figure 11 — Diffractogram of the presence of phases of
aluminum with lithium

Peak d=2.03281 corresponds to 100% aluminum
content, peak d=2.34890 has an atomic content of
53.3% aluminum and 46.7% lithium. This atomic
ratio corresponds to the AlLi phase. The peak
d=1.43908 has an atomic content of 19.5%
aluminum and 80.5% lithium. This atomic ratio
corresponds to the phase AlsLis.
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Table 3 — Mechanical properties of Al-Mg-Zr and Al-Mg-Zr-Li alloy

No. 1 2 3 4

Alloy Al +Zr | Al +AlZr5 + Al-Mg + Al-Mg +
+ Mg Mg AlZr5 + AlZr5 + Li

AlLi10

Brinell hardness , HB 80.0 82.14 69.1 85.0

Microhardness, MPa 148 154 97.2 139

Compression elastic limit co.0s, MPa 69.8 138.7 99.5 149.6

Modulus of elasticity, E1, GPa 3.5 10.5 9.5 12

Modulus of plastic deformation, E2, GPa 1.1 1.2 0.9 0.83

Yield strength at compression co.2, MPa 77.22 |164.5 119 175.2

Deformation at 500 MPa, % 31 20 32.6 20

Compression, hardness and microhardness
tests were carried out to study the mechanical
properties of the samples. The results of the
mechanical properties of alloys of the Al-Mg-Zr and
Al-Mg-Zr-Li systems are shown in Table 3.

As can be seen from Table 3, Al-Mg-Zr alloys of
series No. 2, compared with alloys of series No. 1,
show an
hardness from 80 to 82.14 HB, microhardness from
148 to 154 MPa, compressive strength from 69.8 to
138.7 MPa, modulus of elasticity from 3.5 to 10.5
GPa, modulus of plastic deformation from 1.1 to 1.2
GPa, yield strength under compression from 77.22
to 164.5 MPa. Such indicators are achieved due to
the uniform distribution of zirconium in the liquid-
alloy by introducing zirconium ligature instead of

increase in all characteristics: Brinell

metallic zirconium.

Al-Mg-Zr-Li alloys of series No. 4 compared with
alloys of series No. 3 showed an increase in Brinell
hardness from 69.1 to 85 HB, microhardness from
97.2 to 139 MPa, compressive strength from 99.5 to
149.6 MPa, elastic modulus from 9.5 to 12 GPa,
compressive yield strength from 119 up to 175.2
MPa and with a slight decrease in plastic
deformation modulus from 0.9 to 0.83 GPa. As noted
earlier, the introduction of the AILi10 ligature
negatively affects the mechanical properties of the
Al-Mg-Zr-Li alloy. It is advisable to use lithium in its
pure form.

Conclusions

Cast alloys of the Al-Mg-Zr-Li system with the
following characteristics were obtained:

- chemical composition: Al-92.245%, Mg-5.00%,
Zr-0.105%, Li-2.21%, Si-0.238%, impurities-0.202%

- mechanical properties: Brinell hardness 85 HB,
microhardness 139 MPa, compressive strength
149.6 MPa, elastic modulus 12 GPa, compressive
yield strength 175.2 MPa and plastic deformation
modulus 0.83 GPa.

- production technology: melting aluminum,
lithium and AIZr5 ligatures at a temperature of 700
C in an argon medium, then adding a magnesium
sample to the liquid-alloy and holding for 5 minutes
at a temperature of 700 °C in an argon atmosphere.
Draining the finished liquid-alloy into the graphite
cast and cooling inside the chamber.
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TYWIHAEME

Al-Mg-Zr-li sKyieciHiH, Keneci cunatramanapbl 6ap KyiMma KopbITnanapbl aablHAbl: XUMUAbIK
Kypambl:  Al-92,245%, Mg-5,00%, Zr-0,105%, Li-2,21%, Si-0,238%, Kocnanap-0,202%.
MexaHuKanblk Kacnettepi: 85 HB BpuHenn KaTtbinbiFbl, 139 MMa MUKpoKaTTbiibIFbl, 149,6 MMa
Kbicy cepnimainik weri, 12 MMa cepnimainik mogyni, 175,2 MMNa Kpicy Ke3iHAE aKKbIWTbIK LIeri
»koHe 0,83 rlMa nnacTuKkanbik gedopmauma moayni. ANy TEXHONOMMACHI: aproHHbIH, OpTacbiHAA
700% TemnepaTypaja anlOMWHWIA, NUTUIA XaHe AlZrs nuratypacblH 6ankbiTy, cogaH KeWiH
6anKkbiMara MarHuingiH, HaKTbl MeJlepiH KoCy »KaHe aproH aTtmocdepacbiHga 700°%
TemnepaTtypaga 5 MUHyT ycTay. [JavibiH 6ankpiMaHbl rpaduT KyMMacbiHa afbl3bin, Kamepa iwiHae
cankblHAaTy. Al-Mg-Zr-Li }KyMeciHiH, antoMUHWUIA KOPLITNAChIH any YWiH 6anKbITy *KaHe Kyto YUTB-
0,001 BaKyymablk, MHAYKUMANbIK newTe ("MMuO" AK, Anmatel) kyprisingi. byn makana 1420
KOPbITNACbIH anyaplH, 6acTankbl Ke3eHiH 3epTTeyre, atan alTKaHA4a KAXKeTTi XMMUANbIK Kypambl
6ap 6actankbl maTepuanapl anyfa KaHe MarHui, UMPKOHWUI XKaHe NUTUI neripaeywinepiHiy,
maTepuanabiH, 6epikTik KacueTTepiHe acepiHe apHanfaH.
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AHHOTALMUA

MonyyeHbl anTble cnaasbl cuctembl Al-Mg-Zr-Li co cneayowmmmn XxapakTepucTukamm: XMMUYecKuni
cocras: Al-92,245%, Mg-5,00%, Zr-0,105%, Li-2,21%, Si-0,238%, npumecn-0,202%. MexaHn4eckune
CBOWCTBa: TBEpAOCTb No bpuHennto 85 HB, mukpoteepaocTb 139 Mlla, npegen ynpyroctm npu
cokatum 149,6 MMa, mogynb ynpyroctn 12 IMa, npegen tekydectn npu cxatum 175,2 MMNa un
Moaynb naactTuyeckon gepopmaumm 0,83 MMa. TexHONOrMA NONYYEHUSA: NNABKA ANIOMUHUA, TUTUA
n AlZrs nuratypbl npu Temnepatype 700°C 8 cpeae aproHa, 3atem fobasneHne HaBeCKM MarHus B
pacnnae v BblAEPKKA B TEYEHUM 5 MUHYT Npu TemnepaType 700°C B8 atmocdepe aproHa. Caus
roTOBOro pacniasa B rpapuTOBYIO U3N0XKHWLY U OXNaKAeHWe BHYTPU Kamepbl. [ns nonyyeHus
aNloMUHKMEBOro cnnasa cuctembl Al-Mg-Zr-Li nnaBKa M nMTbe NPOBOAUAWUCL B BaKyyMHOW
MHAYKUMOHHOM neun YWUMB-0,001 (AO «MMwuO», Anmatbl). HactoAwas cratbs noceslieHa
nccnenoBaHuMo HavyanbHoW ¢asbl nonydeHus cnnasa 1420, a UMEHHO NOAYYEHUIO MEepPBUYHOTO
maTepuana € HyXKHbIM XMMUYECKUM COCTaBOM, BIUAHWIO NETUPYIOLLMX MAarHUA, LUPKOHUA U IUTUA
Ha NPOYHOCTHbIE CBOMCTBA MaTepuana.

Knrouesbie cnoea: antoMuvHWiA, antoMUHUK-IUTUEBbIE cnnasbl, Al-Mg-Zr-Li, nnaBKa, nuTbe,
nvratypa
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ABSTRACT

The methodology of the research that was used to evaluate the comparative results of surface mixes
with a nominal maximum aggregate size of 12.5mm is presented in this paper. Also presented are
the recommended Ndes values for C-level and D-level mixes, which are designed to handle traffic
levels of 3-30 Million and greater than 30 Million ESALs, respectively. In order to determine the
amount of asphalt that was present, asphalt concrete mixes were fabricated utilizing the Superpave
design process at Ndes levels of 50, 75, 100, and 125 gyrations. Using the Asphalt Mixture
Performance Tester instrument, we were able to determine the dynamic modulus (E*) at the design
asphalt content for a number of different gyration levels. The E* data and related binder properties
were used as input in the AASHTO Darwin-ME software to anticipate the rutting and fatigue
performance of the mixtures. This was accomplished by assuming a model pavement section and
appropriate traffic levels. In order to determine which Ndes are most appropriate, relative
performance indicators for rutting and fatigue have been developed and plotted against asphalt
content. The Ndes value of 85 gyrations was found to be ideal for both surface mixes after extensive
research.

Keywords: Relative performance; Asphalt concrete mixtures; Superpave; Design gyrations; Fatigue
cracking; Rutting;
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1. Introduction

The number of design gyrations (Nges) is a critical
element in the Superpave asphalt concrete mix design
procedure. The selection of Ndes is based on total
traffic, during service life of the pavement, which is
indicated in ESALs. Asphalt concrete mixtures for
higher traffic volumes are compacted to higher Ndes
because a denser mix resists rutting better. However,
this results in a reduced design asphalt content, which
reduces the mix's fatigue performance. As a result, a
performance-oriented strategy to determining Nges
that maximizes mix performance in terms of both
rutting and fatigue cracking was devised [1].

The Superpave mix design approach, created as
part of the Strategic Highway Research Program,
combines into the design process performance-related
design parameters, environmental variables, load
factors, and material characterization. The
requirements created for the mix design process are

intended to improve the performance of asphalt
pavement structures by decreasing rutting, thermal
cracking, and fatigue cracking [2].

The Superpave method employs a volumetric
technique in which the aggregate gradation and
optimal asphalt content are determined by examining
the mix's air void proportion and other volumetric
features. The gyration levels are established by the
anticipated total traffic in Equivalent Single-Axle Loads
(ESALs) over the pavement's anticipated service life
(Prowell & Brown, 2007). According to the current
Superpave specifications for characterization of
asphalt concrete mix materials, rutting resistance is
measured for the asphalt binder using the G*/sind
parameter and fatigue cracking resistance is measured
using the G*sind parameter, where G* is the complex
shear modulus of the asphalt binder and represents
the phase angle 6. In addition to the volumetric
requirements, these characteristics can be utilized to
develop a mixture that performs well in the field in
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terms of rutting and fatigue cracking [2].

However, the mix's performance is not expressly
considered during the design phase. This is owing to
the fact that the design method determines only the
aggregate structure and the matching asphalt content
required to produce 4% air voids, without any extra mix
performance characterization [3]. Consequently,
numerous State Highway Agencies have implemented
additional specification requirements based on
performance tests, such as the Hamburg Wheel
Tracking Device (HWTD) and Asphalt Pavement
Analyzer (APA), to assess the rutting potential of
asphalt concrete mixtures [4].

As a result of their robust aggregate skeletons,
superpave mixtures often display adequate rutting
resistance. In addition, mixtures that meet the
approval criteria of wheel tracking device testing, as
stated previously, exhibit enhanced field rutting
performance. To ensure a high rutting performance,
the asphalt percentage of the mix is decreased,
resulting in a comparatively drier mixture with less
plastic flow of the asphalt binder. The decreased
asphalt percentage, however, causes an increase in
fatigue cracking, which is becoming a frequent issue,
particularly in relatively young pavements that are 5-7
years old (Maupin, 2003). In order to obtain an
acceptable mixture, it is required to enhance the
fatigue cracking resistance without compromising the
rutting resistance [[3], [4], [5], 6], [7]].

Both fatigue cracking and rutting are load-related
distresses that result from a loss of structural integrity
in the asphalt concrete layer. Rutting can also be
caused by potholes. Rutting in the asphalt layer is
assessed in terms of millimeters (or inches) of
deformation, whereas fatigue cracking in a flexible
pavement is quantified in terms of the percentage of
cracking that has occurred per unit area. During the
process of optimization, it is not possible to make a
direct comparison against the number of design
gyrations because of differences in the methods used
to measure the degree of the two types of distress. The
mixture provides the maximum performance possible
against fatigue cracking at the Ndes level that is lowest,
and it provides the maximum performance possible
against rutting at the Ndes level that is highest [8].

Locking point (Prowell & Brown, 2007, Hornbeck,
2008) and Ndes level reduction are two common
strategies for optimizing mix performance (Hornbeck,
2008, Aschenbrenner & Harmelink, 2002). Locking
point correlates laboratory mix density to ultimate
field density, but weakly (Prowell & Brown, 2007). The
laboratory-field density correlation ignored aggregate
type, gradation, and angularity, which affected the
locking point. Christensen and Bonaquist (2006) used

the Ndes reduction strategy to show that rutting
performance rose by 25% with one level of compactive
effort (25 gyrations) and fatigue performance
decreased by 20% [[1], [2], [8], [9]].

Prowell and Brown (2007), Hornbeck (2008), and
Button, Chowdhury and Bhasas (2009) examined how
compactive effort affects rutting and fatigue cracking
(2006). Superpave mixtures' rutting and fatigue
performance was tested at various Ndes levels in the
Ndes level reduction approach. Asphalt content was
adjusted to match a 4% air void content for four Ndes
levels—50, 75, 100, and 125 gyrations—proposed by
the NCHRP for different traffic loads (Prowell & Brown,
2007) [[3], [10]].

The aims of the study were to:

1. Evaluate the sensitivity of asphalt volumetric
properties to varying levels of design gyrations;

2. Determine the optimal design gyrations for
asphalt pavements.

3. Determine the effect of changes in Nges On the
stiffness and performance characteristics of the mix by
comparing the fatigue and rutting performance
anticipated by the mechanistic-empirical design
approach for a typical pavement segment.

4. Recommend Nges values for surface mixes S12.5C
and S12.5D.

On the basis of the volumetric design approach,
there are two methods for enhancing fatigue cracking
resistance:

1. Increasing the relative density objective
for a given number of design gyrations by increasing
the asphalt composition of the design.

2. Reducing the amount of design gyrations
while keeping a 4% air void design content in the mix.

This research utilized the second method to
enhance rutting and fatigue performance because
increasing the desired relative density has the potential
to cause performance issues, particularly with soft
binders (Prowell & Brown, 2007) [[1], [3], [11]]. For the
design gyration optimal number determination,
asphalt concrete mixes were prepared at various Ndes
levels, and their performance was characterized. Mix
design, performance testing, and evaluation are
described in depth in the sections that follow.

2. Experimental technique
2.1 Design  Gyrations Number
Determining Method.

For fatigue and rutting, relative performance
indicators were constructed using a control or base
level that indicates the maximum performance of the
mixture. Performance is defined as the number of
ESALs required to attain failure for a given distress,

Optimum
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where failure limits are specified as 10% cracking of the
entire fatigue place and 6.35 mm permanent
deformation of AC layer for rutting [[12], [13], [14]].
The control fatigue performance, Peatigue, Will be clear at
50 gyartions fatigue life measurement, as the mix
design results in a higher asphalt content, which makes
the asphalt concrete layer more flexible and therefore
more resistant to fatigue cracking. Similarly, the
control rutting performance Pgruting Will be determined
by cycles number to failure for a mixture intended for
125 gyrations, as a higher amount of compaction
results in increased rutting resistance [[15], [16]].
Therefore, relative performance is computed using
Equation (1) for fatigue cracking and Equation (2) for
rutting (Button, Chowdhury, and Bhassa, 2006):

Iy Fatigue. N, =1

RPFmr'gue = P
Fatigue.N,_=50
RP . PRumng_Ndﬁzf
Rutting — J2

Rutting, N ;..=125

Where, Pratiguendes=1 is the estimated fatigue life and
Pratiguendes=1 i the estimated rutting life for the mix
designed using “i” number of design gyrations. RPeatigue
is equal to 1 at 50 gyrations of Ndes and diminishes as
Ndes increases. RPRutting is 1 at Ndes of 125 gyrations
and decreases as Ndes decreases. The examination of
relative performance data involved graphing relative
performance values expressed as a percentage versus
asphalt content. Instead of design gyrations, the
asphalt content was chosen as the independent
variable in this study since it is more logical to relate
performance to a mix attribute. By graphing the
relative performance values against the asphalt
content and locating the intersection of the curves, the
optimal asphalt content was identified. The best Ndes
was found by plotting the number of gyrations versus
the asphalt composition [[17], [18]].

State highway agencies' performance test
methodologies can be utilized to validate mix
performance, thereby enhancing the mix design
process. In evaluating mix performance, these test
methods are not based on fundamental material
properties (measurement of real material reaction to
an applied stress or strain) and do not account for
variations in mix design factors such as asphalt content
variation. Additionally, these experiments are
undertaken at temperatures unique to the mix type,
and the effect of aggregate gradation is not assessed
adequately (Prowell & Brown, 2007, Watson, Moore,
Heartsill, Jared & Wu, 2008). As a key material

property, the dynamic modulus of the asphalt concrete
mix was employed to evaluate mix performance in this
study. The AMPT was used to measure the dynamic
modulus, and the DARWin-ME program was used to
forecast the rutting and fatigue performance of the
mixes at different design gyration levels [[19], [20],
[21], [22]].

2.2 Superpave Mix Design Criteria for Surface
Mixes

The surface mixes are often designed on 9.5mm
and 12.5mm NMAS (nominal maximum aggregate
size). Based on traffic level (design number of ESALs),
surface mixes are further classified as (0.3 Million for
A), (0.3 - 3 Million for B), (3 - 30 Million for C), and (>30
Million for D). S12.5C mixes are compacted to 75
gyrations and S12.5D mixes are compacted to 100
gyrations Superpave requirements [[21], [23]].
Notably, the drop in Ngs levels on NCHRP-
recommended C and D mixes, respectively, have
gyration values of 100 and 125, is not based on mix
performance, which was the objective of this study.

This article recommends a change of Superpave
mix design requirements for S12.5C and S12.5D mixes,
which are utilized in surface courses intended for
traffic intensities in excess of 3 Million ESALs. As
recommended, the performance grade of asphalt
binder PG 70-22 was used in the S12.5C blend, while
PG 76-22 was used in the S12.5D blend.

3. Results and Discussion

3.1 Design and Modification of Superpave Mixes
for Different Npgs Levels

Through the utilization of the Superpave mix
design procedure, the two mixtures $S12.5 C and §12.5
D were developed. Calculations were made to
determine the asphalt content based on 4% air voids at
Nees levels of 75 gyrations for S12.5C mix and 100
gyrations for S12.5D mix. By performing volumetric
back-calculations of specimen heights at a given
asphalt content and making use of the theoretical
maximum specific gravity (Gmm) of the mix in
conjunction with the asphalt content, we were able to
determine the asphalt content that was necessary to
generate 4% air voids at Nges levels of 50, 75, 100, and
125 gyrations. This was accomplished by using the
asphalt content as the input variable (Pb). The mix
volumetrics for S12.5C and $12.5D mixes are displayed
in Table 1 at a variety of different Nges values. The
statistics show the average of three different
specimens that were compressed to the number of
gyrations that was requested for each Nges.
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Table 1. Design of Superpave Mix Volumetric Properties

Ndes Mix Properties $12.5C $12.5D

Design Gyrations Number (Ndes) 50 75 100 125 50 75 100 125
Total Mix Asphalt Content % 5.71 5.41 5..20 5.03 5.47 5.18 497 4.81
Bulk Specific Gravity, Gmb 2.358 2.463 2.458 2.451 2432 2442 2449 2455
Max.Specific Gravity, Gmm 2451 2.458 2.463 2.469 2438 2452 2457 2.465
Total Mix Air Voids, % 3.8 4.3 3.7 4.3 4.3 4.1 4.2 4.1
Voids in Mineral Agg.(VMA), % 16.4 16.3 15.5 15.6 17.2 16.5 16.2 15.7
Voids Filled w/binder (VFA), % 76.9 73.8 75.8 72.4 75.2 75.2 73.9 74.1

3.2. Testing and Development of E*
Mastercurves for Dynamic Modulus

The Asphalt Mixture Performance Tester (AMPT)
was used to conduct the dynamic modulus was
determined using the Asphalt Mixture Performance
Tester and the AASHTO TP79-09 Standard Method of
Test for Determining the Dynamic Modulus and Flow
Number for Hot Mix Asphalt (HMA) (AMPT). 150 mm in
diameter Superpave gyratory specimens compressed
with a height of 178 mm. A test specimen with a 100
mm diameter and a 150 + 2.5 mm height was made by
coring and sawing the compacted samples; the desired
air void content for the cored test specimen was 4 +
0.5%. Three temperatures and three frequencies were
used in the experiment: 4, 20, and 40 degrees Celsius.
Table 2 displays the E* (Pa) values for the two
mixtures. Using the dynamic modulus values acquired

Table 2. Test Results of Dynamic Modulus (Pa)

at the three test temperatures and three test
frequencies, a non-linear optimization approach given
in AASHTO PP61-09 was utilized to produce an E*
master curve.

Standard Method for the Development of Dynamic
Modulus Master Curves for Hot Mix Asphalt (HMA)
Using the Asphalt Mixture Performance Tester
[Standard Method for the Development of Dynamic
Modulus Master Curves for Hot Mix Asphalt (HMA)]
(AMPT) [24].

Since the stiffness of an asphalt concrete mix is
measured by its dynamic modulus, it stands to reason
that a mix compacted at a higher Ndes level, with its
lower asphalt content and greater stiffness, should
have a larger dynamic modulus. Figure 1 shows that
this shape may be detected in the E* master curves of
both mixtures.

(Toecr;]p' (F:z? $12.5C Mix, Naes $12.5D Mix, Netes
50 75 100 125 50 75 100 125
10 183610  1.97E10  2.07E10 2.19E10 1.85E10 1.91E10 1.97E10  2.06E10
4 1 142610  1.62E10 17110 17910 146E10 154E10 158E10 1.65E10
0.1 102610 12410  134E10 1.38E10 1.08E10 1.18E10 1.I9E10 1.25E10
10 847609  101E10  1.12E10 1.16E10 8.78E09  9.63E09 9.66E09  1.01E10
20 1 5.11E09  6.51E09  7.39E09  7.39E09  5.41E09  6.19E09  6.23E09  6.49E09
0.1 2.69E09  3.78E09  4.45E09  4.42E09  3.05£09  3.57E09  3.69E09  3.85E09
10 227E09  3.01E09  3.46E09  3.52E09  2.34E09  2.81E09  2.95E09  3.02E09
40 1 9.87E08  139E09  1.63E09 166E09 1.07E09  1.31E09 1.39E09  1.49E09
0.1 476E08  6.69E08  7.68E08  8.08E08  5.54E08  6.97E08  6.71E08  8.16E08
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Figure 1. E* Mastercurves for Various Nges Levels, Reference Temperature 20°C

3.3 Prediction of Pavement Performance Using
DARWin-ME Design Guide Software

The dynamic modulus (E*) is a crucial parameter
that correlates material attributes to fatigue cracking
and rutting performance and is used in the
mechanical-empirical pavement design technique to
define asphalt concrete mixes. The fatigue and rutting
performances of the mixtures were investigated
using the DARWin-ME design guide, the most recent
edition of NCHRP 1-37A Mechanistic-Empirical
Pavement Design Guide, which has recently been
selected as the industry's key instrument for
pavement design and performance prediction. The
analysis made use of model pavement sections, which

are routinely used by some specifications for planning
asphalt concrete pavements where C and D mixes are
required. There were three distinct parts to the
pavement's structure:

Partl: Asphalt concrete surface course, thickness:
7.5 centimeters, air void content: 8%

Part2: Crushed stone base course, 25 cm (512.5C)
and 38 cm (S12.5D) thick, 163 MPa modulus.

Part3: Subgrade AASHTO classification A-7-5
(clay), modulus - 46 MPa

Table 3 presents the predicted fatigue and rutting
performance, together with the relative performance
values at different gyration levels.
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Table 3. Estimated Levels of Rutting and Fatigue Performance in Comparison to Their Relative Values

Number of Asphalt
MiX Type Gyrﬁltions, Content’ % PFatigue (ESALS) PRutting (ESALS) RPFatigue ,% RPRutting ,%
des
50 5.61 2.25E06 1.78E06 100 68
75 5.31 2.17E06 2.27E06 96 86
S$12.5C
100 5.10 2.08E06 2.54E06 92 96
125 5.01 1.94E06 2.65E06 85 100
50 5.17 3.98E06 3.50E06 100 84
75 5.08 3.54E06 3.94E06 89 95
$12.5D
100 4.87 3.23E06 3.98E06 81 96
125 471 2.85E04 4.20E06 73 100
512.5C Mix 512.5D Mix
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Figure 2 - Optimal Ndes estimation from Relative Performance and Asphalt Content Graphs

3.4 An Analysis of the Relative Performance Data

and a Suggested Change to the Nges approach stated in Section 1.2. Figures 2(a) and 2(b)

Figures 2(a) and 2(b) show relative fatigue and show the relationship between the asphalt content
rutting performance versus asphalt content for and the total number of design gyrations for each of
$12.5C and S12.5D mixtures, respectively, using the the two mixtures, respectively. A total of 95
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gyrations was determined to be the optimum Nges
value for S12.5C mix based on the relative
performance curves, which is higher than the
current some specification of 75 gyrations. This
improves durability against rutting but lowers its
resilience against fatigue cracking. Compared to the
current some specification of 100 gyrations, the
determined optimal Nges value for $12.5D mix was 72
gyrations, which results in increased fatigue cracking
resistance. But since the mixture is used in surface
courses made to support traffic loads greater than
30 Million ESALs, optimizing its rutting performance
is crucial.

Thus, in order to find practically usable values
that optimize both distresses, a more in-depth
investigation of the relative performance at values
other than the anticipated optimums was
conducted. It's worth noting that in an attempt to
increase the longevity of Superpave mixes, the Nges
values currently used by various specifications were
arbitrarily reduced from the original Superpave Nges
table.

It was determined that 95 rotations were
necessary to achieve optimum performance from
the S12.5C blend. It can be seen from the difference
in the slopes of the rutting and fatigue relative
performance curves in Figure 2(a) that the variation
in rutting performance with gyration number is
larger than the variation in fatigue cracking
performance. Accordingly, raising Nges has a bigger
impact on enhancing rutting than lowering fatigue
resistance. For example, if you set Ngs to 85
gyrations, you'll see a loss of 2% in fatigue
performance and an increase of 5% in rutting. The
overall binder weight drops by 2% as a result of the
drop in asphalt composition from 5.45% to 5.36%.
This results in a Nges value of 85 gyrations for the
12.5C mixture. The suggested value of 85 gyrations
has real-world implications for rutting resistance
and cost savings via reduced asphalt binder usage.

Based on the relative performance research, 72
gyrations was shown to be the optimal Nges for the
$12.5D mix. The current NCDOT Nges value for this
mix is 100, although increasing the design asphalt
content will increase the pavement's flexibility.

However, the rutting must also be optimized for
design traffic reasons. Accordingly, it is suggested
that the Nges level for this mixture be lowered to 85
gyrations. As the Nges climbs to 85 gyrations, fatigue
performance improves by 6%, while rutting
resistance drops by 2%. Asphalt with 85 gyrations
has a higher total binder weight of 5.13%, up from
4.87%.

4. Conclusions

The optimal asphalt concentration decreased as
the Ndes level to which specimens were compacted
grew, as shown by the mix design results for several
countries' surface mixes S12.5C and S12.5D. The
modulus of the mixture at different temperatures
and frequencies increases with an increase in Ndes,
as evidenced by the trend in E* master curves from
AMPT testing. These results corroborate the theory
behind this work, which suggests that increasing the
Ndes during the mix design phase will require less
binder, leading to a more rigid final product.

For the S12.5C mix, the optimum Ndes was
calculated to be 95 gyrations, while the optimum
Ndes for the S12.5D mix was calculated to be 72
gyrations. We wused the rutting and fatigue
performance data to calculate relative values for the
optimal Ndes values that resulted and for the values
recommended by the National Cooperative Highway
Research Program. Two primary criteria were used
to provide guidelines for ideal Ndes:

Using a lower Ndes has a negative impact on
rutting performance, but has a positive impact on
pavement life compared to fatigue life.

The economic benefits of utilizing less
asphalt binder in the mix and the decrease in fatigue
life that results from adopting a higher Ndes are
considered and balanced. As a proportion of the
asphalt binder required for mix design, the asphalt
content decrease is calculated.

For both S12.5C and S12.5D mixes, the optimal
Ndes value is 85 gyrations.
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KapKblHAbl KO3fanbic 6eTTepiHiH, Superpave KocnanapbiHa apHanfaH }KobanblK,

rupatop TepbeniciH 3eptrey
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TYWIHAEME

Byn KyMbICTa HOMMHANApl MaKcMMangpl TONTbIpFbiw Menwepi 12,5 mm 6onatbiH 6eTTiK
KOCManapAblH, CanbICTbipManbl HaTUXKeNepiH baFanay ylWiH nanganaHbliFaH 3epTrey afictemeci
6epinreH. CoHgait-ak, camkeciHwe 3-30 MUAAMOH kaHe 30 MuUAAMOHHaH actam ESAL Tpaduk
AeHreiinepiH eHaeyre apHanfaH C-aeHreni xaHe D-geHreini kocnanap ywiH ycbiHbinFaH Ndes
MaHAepi KenTipinreH. AchanbTTbiH, 6ap menwepiH aHbiKTay ywiH 50, 75, 100 kaHe 125 aiHany
Ndes aeHreiinepiHae Superpave *kobanay npoLeciH KongaHa oTblpbin, achanbT6ETOH Kocnanapbl
JanbiHganabl. Asphalt Mixture Performance Tester KypanbiH naiganaHa oTblpbin, 6i3 apTypai
aliHany Aewreiinepi ywiH acdanbTTbiH, }K06asblK KypamblHAAFbl AUHAMUKaNbIK Moaynbai (E*)
aHbIKTal angpik. E¥ nepektepi meH 6ainnaHbICTbIPFbILWTLIH, Calikec kacueTTepi AASHTO Darwin-ME
6afmapnamanbiK XacakTamacblHAa KocnanapAplH, ekire 6eniHyi meH To3y eHimainiriH 6omxkay
YWiH Kipic peTiHge naiganadbingbl. Byn yari TpoTyap y4yacKeciH KaHe TMICTi Ko3fasbic
AeHreiinepiH 6onxay apkbinbl opbiHAanabl. Kait Ndes eH, Konaiibl eKeHiH aHbIKTay YLUiH
achanbTTbiH,  KypamblHA KaTbICTbl OMbIKTAP MeH TO3YbIHbIH, Ca/bICTbipManbl  ©HIMAINIK
KepceTKiwTepi a3ipneHai aHe rpadwuri kacangbl. 85 alHanbimgblk Ndes MaHi ayKbimabl
3epTTeynepAeH KeliH eki 6eTTik Kocnanap yLWiH e eTe Konainbl 60naTbiHbl aHbIKTaNAbI.

TyiiiH ce30ep: CanbicTblpmasbl cunaTramanapsl; achanbTbETOH Kocnanapbl; Superpave; rupatop
MeLwepi; *KabblHHbIH, CbIHYbI; AOHTeNeK i3iHiH naga 6onybl.
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UccnepoBaHMe NpoeKTHbIX KonebaHuii rupatopa gna cmeceit Superpave ¢
WHTEHCUBHbIM ABU}KEHUEeM NoBepXHOCTen
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1 Egpa3ulickuli HayuoHanbHeIl yHusepcumem um. J1.H. lymuneea, Hyp-CyamaH, KazaxcmaH
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AHHOTALUMA

B craTbe npeacTaBneHa MeTOAMKA WCCNeAOBaHWUA, KOTOpas MCMNOMb30Banacb ANA  OLEHKM
CPaBHUTE/IbHbLIX PE3Y/IbTAaTOB NMOBEPXHOCTHLIX CMECeW C HOMUHA/IbHBIM MaKCMMasibHbIM Pasmepom
3anonHuTena 12,5 mm. Takxe npeactaBneHbl pekomeHayemble 3HayeHna Ndes ana cmeceid yposHeit
C n D, KoTopble NpeaHa3HayeHbl 418 06paboTku yposHen Tpaduka 3-30 munnmoHos u 6onee 30
munnnoHos ESAL cooTtseTcTBeHHO. YTODObI Oonpesenutb KOAMYECTBO MPUCYTCTBYIOLLEro achanbTa,
6bl1M M3rotoBneHbl acdanbTobETOHHbIE CMECK C MCMONb30BaHMEM MpoLLecca NPOEKTUPOBAHMA
Superpave Ha yposHax Ndes 50, 75, 100 u 125 obopotos. Mcnonb3ys npubop ana onpeaeneHus
XapaKTepUCTUK acdanbTOBETOHHON cMecu, Mbl CMOT/IM OMPEAENUTb JUHAMUYECKUI Moaynb (E*)
npyu pacyeTHOM copepKaHuu achanbTa ANA PAAA PA3AUYHbLIX YPOBHeW rupaumn. [aHHbie E* u
COOTBETCTBYIOLLME CBOMCTBA BAXKYLLErO ObINM WMCMONL30BaHbl B KayecTBe BXOAHbIX AAHHbIX B
nporpammHom obecneyeHun AASHTO Darwin-ME p4na nporHos3vpoBaHUA  KOMEMHOCTU U
YCTaNOCTHBIX XapaKTEPUCTUK CMecei. 3TO bblo AOCTUTHYTO 3a CYET MOAE/IM YYacTKa JOPOXKHOIO
MOKPbITUA U COOTBETCTBYIOLLMX YypoBHeW Tpaduka. [na Toro, 4tobbl onpeaenutb, Kakne Ndes
ABNAIOTCA Hanbonee noaxoAAWMMK, Bbinn pa3paboTaHbl M HaHeceHbl Ha rpaduK OTHOCUTENbHbIE
noKasaTesin KOJIEMHOCTU U YCTaNoCTU B 3aBUCMMOCTM OT CoAepaHuna achanbta. Mocne obWwmpHbIX
nccnefoBaHuii bbIN0 YCTaHOBAEHO, YTO 3HaYeHUe Ndes, paBHoe 85 06opoTam, U easbHO NOAXOAUT
Ana 06enx NOBEPXHOCTHbIX CMecel.
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ABSTRACT

This article studies optimization of open pit mining using mining and geological information
systems and technologies. The aim of the study is to develop an algorithm of optimizing the
contour of an open pit using a mining and geological information system. The Lerch-Grossman
algorithm has been applied using the Whittle program. Justification for changing the contour of
an open pit based on the opening scheme, geometric characteristics and special technical and
economic parameters of the blocks has been proposed. This proposal provides increasing the
production efficiency and reducing capital and operating costs during the development of the
deposit. The authors have come to the conclusion that the functionality of updated mining and
geological information systems helps to take into account market conditions when designing the
main parameters of an open pit and to make the right decision at the stage of preparing a
deposit for development and while optimizing the existing open pit contour.

Keywords: open pit mining, iron ore, mining efficiency, open pit contour, mining operations,
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Introduction

With the development and improvement of
information and computing equipment in the
twentieth  century, innovative technologies
gradually began to be introduced into mining.
Today, the largest part of narrow information
technologies is used for certain enlarged areas: as
mining and geological information systems
(hereinafter MGIS), information resource bases,
dispatch systems, etc [[1], [2]]. The advantages of
informatization of the methods and tools used at a
modern mining enterprise are obvious:

- accelerating the processes due to automation
of routine operations;

- improving safety and control over mining
operations;

- improving the accuracy of calculations in
terms of estimating reserves, forecast and

completed scope of work,
boundaries of dangerous zones;

establishing the

- optimizing business processes of a mining
enterprise with increasing the economic efficiency

[3].

The effectiveness of the open pit mining of a
particular deposit depends on the decision made by
the engineer at the open pit design stage. Here an
important point establishing the contours of the
operational excavation. Various indicators affect
the boundaries of a pit, from the life of the mine
and the productivity of the pit itself, to the
economic parameters, including profitability of the
project and return on direct investment [4]. A
positive effect is achieved with involving balance
reserves in the development and decreasing the
volume of overburden.

Initially, optimization measures to identify open
pit contours were carried out using highly
specialized programs that helped establishing the
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parameters of the optimal excavation contour.
With improving the existing deposit modeling
technologies and design automation, the process of
determining the boundaries of the open pit was
supplemented by the use of a set of software. As a
result, separate programs have been developed for
planning mining operations and designing optimal
pit boundaries.

Such programs have become the basis for the
development and testing of mining and geological
information systems focused on solving problems in
terms of optimization and design measures [5, p.
81], as well as planning and comprehensively
supporting all the mining cycles [6, p. 46].

Due to the volatility of overburden and
minerals, the optimal contour of deep pits used for
haulage berms changes periodically. This
hypothesis is confirmed by such researchers of ore
deposits, such as E. Appianing and D. Mireku-
Gyimah, who substantiated that increasing the
volume of overburden in the final contour by 16 %
entailed decreasing the mass fraction of ore by 20
% depending on the contour. The result is a 26 %
reduction in profits [[7], [8]].

Researchers have paid much attention to the
issue of eliminating this shortcoming in mining
planning. Thus, a number of researchers [[9], [10],
[11], [12], [13]] believe that when optimizing, it is
important to take into account the opening
scheme, to introduce changes in the slope angle of
the open-pit wall with haulage berms placed on it,
into the calculations. Such a solution will make it
possible to model the optimal open pit with its
corners in accordance with the design contour. It
should be noted that this technique has a number
of disadvantages:

1. Minimizing the depth of the design contour.
As a result, the obtained estimate will be 7-20 %
lower than that of the contour modeled without
taking into account the slope angle of the pit wall.

2. Absence of rationale for the optimality of the
selected solution. The trajectory of the opening
workings, that is, the places where the sites will be
located in the future is not taken into account.

From the point of view of the scientific
substantiation of the project’s effectiveness, it
should be taken into account that a high level of its
implementation is assigned if there is a discrepancy
between the values of the optimal and final
contour of the deposit of no more than 10 % [14, p.
39].

In practice, the situation looks somewhat
different. The design engineer seeks to find a
compromise between leaving a part of the mineral
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reserves and cutting in additional volumes of
overburden.

Optimization  information systems allow
calculating quickly and easily the optimal contours
of an open pit. The economic justification for the
use of MGIS is caused by the minimization of labor
costs and identification of the open pit boundaries
with maximum efficiency. The universality of this
approach is characterized by the ability to take into
account the time component when discounting
cash flows using the software. All the tools meet
the requirements of the present-day economy and
can be used for a comprehensive assessment of the
project investment attractiveness [[15], [16], [17]].

As part of the use of this software product, high
accuracy and reliability of models are ensured,
which allows considering the calculated volume
values as universal parameters for the statistical
analysis of the obtained mathematical models [18].

Methods

Block models of deposits form the basis of
innovative programs with optimization tools for
establishing the boundaries of an open pit [[19],
[20]]. To form their layout, the entire area is
divided into specific blocks, the size of which
depends on many factors: geometric characteristics
of the ore body, dispersion of qualitative values in
the contours of the mineralization area, the ledge
predicted height, special parameters of the
exploration system, the mining unit used. For each
block, its own economically justified estimate is
calculated.

Thus, the economic performance of a particular
block is determined by subtracting from the income
received from the sale of minerals in this sector all
the costs of extraction and dressing. This formula
also takes into account the volumetric
characteristics of a particular block, the physical
and mechanical components of the rock, the
volume of the useful component, the percentage of
loss during production, and others. The economic
assessment can take both positive and negative
values, which are determined by the content of the
useful component and the amount of overburden
in the block.

In the classic version, the formula for
calculating the economic valuation is the difference
between non-operating income and total
production costs until the end product is received.
To calculate such costs (Rj), the following formula is
used:
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ty Wixkix (Zi+(1-Qi)*Pi*(Ri+2%)),
(1)

Rj =

where Zi is the total costs for the extraction of
the i-material in the block (characterized by
variability for different types of ores and host
rocks);

Ri is the total costs for mining and processing of
the i-material;

ki is the specific weight of the i-material;

Pi is diluting the material of the i-th type;

Qi is losses of the i-type material in the course
of the block mining;

Wi is the material volume in the block;

Z%is the cost for processing the material of the
specific i-th type.

The formula can be upgraded by adding
additional variables to account for costs, such as
logistics costs, the sale of a useful component, and
production tax.

In addition to the above factors, updated
software products can take into account other
parameters, including mining conditions,
restrictions, and additional features for calculating
the most accurate results.

In the course of optimization measures, it is
necessary to take into account the general slope
angle of the pit wall reflecting or not reflecting the
ramps in the pit. Software packages are endowed
with wide functionality that allows setting different
values for different areas both in-depth and in the
plan, for example, local zones with different slope
angles can be effectively distinguished using
wireframe models of lithological differences or
coordinates of this area. The use of such methods is
justified by taking into account the geomechanical
and hydrogeological conditions of mining
operations.

Additional functionality of the MGIS is to assess
the sensitivity of the investment project to changes
in cost parameters, such as prices for mineral
resources and their forecast. This goal is achieved
by applying a yield adjustment factor. This indicator
should be multiplied by the price of each useful
component that is set during optimization. For
forecasting, a range of coefficient values and an
increment step for performing calculations are
determined.

It is also possible to set limiters to include or
conversely  exclude  specific areas  from
optimization. So, if there are industrial and
administrative buildings on the surface, as well as
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mining facilities, these areas can be removed from
the calculation of the optimal contour of the pit.
There also can be set boundaries of the allotment
to form the optimal pit shell.

The calculated optimal contour is the surface
reflecting the outer boundaries of the blocks in
each section. Despite the fact that the general
angles of the pit walls are taken into account in
their formation, the slope angle on each ledge is
not taken into account. To identify the general
angle, there is practiced introducing additional
blocks in the corresponding area.

The proposed algorithm for forming the
contour of a pit includes a number of successive
stages:

1. Identifying the optimal open pit shell using a
block model of deposit design. The result is a digital

model of the open pit surface and the
establishment of economic estimates for each block
by analyzing the technical and economic

characteristics. To improve the position of the
trench route, both the optimal contour of the pit
and the block model are used simultaneously.

2. Pit tracing is carried out taking into account
the specified coordinates (beginning and exit to the
daylight surface) of the opening workings. When
calculating, many factors are taken into account:
the direction of the cargo flow, the productivity,
the presence of mining facilities on the surface, the
terrain, and others. Then, the optimal location of
the opening workings in relation to the contour of
the quarry is revealed.

3. Modeling the final contour of the site with a
system of opening workings. To display the ledge
edge line on horizontal plans, the economic
estimates of the model blocks and their sizes, as
well as the established boundaries within the
optimal open-pit shell are taken into account. In
this situation, the key design goal is to obtain the
maximum economic evaluation of the blocks
included in the block model within the final contour
of the open pit.

Results

Figure 1 shows the optimal contour of the open
pit of the Benkala iron ore deposit obtained as part
of the design using information systems based on
the optimal shell and the concept of substantiating
the final contours. As part of the design, the
Whittle MGIS has been used (Figure 1).

The ledge crest lines have been made using the
developed technique based on the optimal pit
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contour. To do this, the starting point of the route
has been set and the position of the opening
workings has been optimized with further
calculations of the value of the blocks involved in
the construction of this trajectory. As a result, the
track moved to the surface due to the variability of
the pit horizons at the endpoint of the exit. Despite
ensuring the track structure’s safety, the entry
point to the lower horizon had to be moved. This is
a forced measure to preserve the designed exit
points from the open pit. These measures made it
possible to reduce the depth of the contour by 6
meters compared to the initial data.

a) the open pit contour option from Benkala

b) the open pit contour from the authors

Figure 1 — Modeling the contour of the open pit at the
Benkala deposit

Discussion of results

The comparative analysis according to the
parameters of the design contour of option a),
presented by Benkala, and option b) modeled by
the authors showed decreasing the volume of
overburden by 9.59 %, and the volume of ore by
4.01 %. The average content of the useful
component increased by 0.7 %. It should be noted
that characteristics of the general angle of the open
pit remained unchanged, and its final depth
became less by 6 meters, which is also a positive
characteristic.

Decreasing the overburden and ore volumes
relative to option a) caused reducing the deposit
mining period by 6 months. In general, decreasing
the volume of overburden led to decreasing the
volume of related work after reaching the design
capacity, which made it possible to reduce the
vehicle fleet for mining the deposit.

Figure 2 shows the comparative cost analysis
for both options.
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Figure 2 — Costs for the deposit development by the
options of the open pit contours, min.tg.

The reduction of the rock mass in the
developed open pit and the distribution of the
released volumes made it possible to reduce the
company's vehicle fleet by 3 vehicles. This
optimization measure led to reducing the capital
costs in the authors’ option b) compared to the
Benkala option a).

There is an observed slight decreasing the
volume of operating costs after the field reaches its
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design capacity. As a result, the volumes of rock
mass were redistributed over the years. During the
pit completion period, which should take place in
2032-2034, there is predicted the maximum
difference between the operating costs of the two
options for the pit contours (the peak falls in 2032).

The investment attractiveness of the proposed
option is evidenced by the indicators of net
discounted income (+7.48 % compared to the
Benkala option), net profit (+1.81 %), and internal
rate of return (+4.81 %).

Conclusions
The results of technical and economic
calculations allow drawing the following
conclusions:

1. When using the pit contour option proposed

by the authors, the investment attractiveness of
the project increases, it is evidenced by higher rates
of the net present value.

2. Current financial ratios and indicators are

higher for the proposed option, which also ensures
stable resistance to possible risks.
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The results obtained and the economic
justification allows stating that the proposed
method using the Whittle MGIS is effective for the
development of iron ore deposits with deep open
pits.

Mining and geological information systems
based on optimization tools for determining the
contour of an open pit are actively used by mining
enterprises in designing the work for reconstructing
and open pit mining. In the absence of techniques
for optimizing the boundaries of open pits, the
gross profit from the extraction of rocks is reduced.

The developed method of identifying open pit
boundaries takes into account the opening scheme
and allows designing the contour in advance, which
is especially important for maintaining high
technical and economic indicators of the mining
enterprise.
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Tay-KeH-reonornanblk aknapaTtTbiK XKyienep MeH TeXHON0oruANapAbiH, KemerimeH
alWbIK Tay-KeH XXYMbICTapbiHbIH, KOHTYPAAPbIH OHTalNaHAbIPY

1Té C.I., 23eifiTuHoBa LL.B.
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TYWIHAEME

byn maKanaga Tay-KeH-reoNormANbIK aknapaTTblK, )Kyﬁenep MeH TexHonornAanapabliH KemerimeH

albIK Tay-KeH JKYMbICTapblH OHTaWNaHAbIPY 3epTTensi.
reonorvANbIK  aKkmapaTTblK KYWECiH KonjaHa oTbipbim,

Makana kengi: 17 kazaH 2022 ANTOPUTMIH  XKacay.

CapantamagaH eTri: 12 kaHmap 2023 KONAaHbINAbl.

Kabbinganabl: 02 aknaH 2023

Whittle 6afgapnamacbiHbIH,
Kapbep KOHTYpblH ally CXemacbiHa,

3epTTeyaiH, MakcaTtbl — Tay-KeH
Kapbep KOHTYpbIH OHTalnaHAbIpy
KemerimeH Jlepy-I'poccmaH anroputmi
reoMeTpuANbIK CUMaTTaManapfa KaHe

610KTapAblH, apHaibl TEXHWKaNbIK-3KOHOMMKabIK MapameTpiepiHe cyieHe OTbIpbin e3repTy

Heri3gemeci YCbiHbINFaH. Bya yCbIHbIC KEH OPHbIH Urepy KesiHae eHAipy TUIMAINIriH apTTbipaabl

JKOHE KypAeni KoHe naiganaHy WbIFbIHAAPbIH KbicKapTaabl. ABTOpAap, Kasipri 3amanfbl TKIAK
bYHKUMOHaNAbIFbl KapbepaiH Heri3ri napameTpaepiH }kobanay KesiHae HapbIKTbIK Kafaalinapabl

eCKepyre »oaHe KeH OpHblIH urepyre AaﬁblH,D,ay Ke3eHiHAe XaHe Ko/nAaHbICTafbl Kapbep

KOHTYPbIH OHTalNaHABIPY Ke3iHae AypbiC WelwiMm Kabbligayra KeMeKTeceai AereH KopbITbiHAbIFa

Kengi.

TyiiiH ce30ep: alublK Tay-KeH eHAIpicCi, TeMip KeHi, OHAIPY TMIMAINIr, Kapbep KOHTYpPbl, Tay-KeH

JKYMBICTapbl, aKNapaTTblK TEXHONOTMUANAP, FEOTEXHONOTMANAP.
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ONTMMM3aLUA KOHTYPOB OTKPbITbIX FTOPHbIX Pab0OT C NOMOLLbIO FOPHO-
reosiormyeckux MUHPOPMaLUOHHbIX CUCTEM, TEXHOIOTUIA
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AHHOTALUMUA

B HacToALel cTaTbe UccneayeTcs ONTUMMU3ALMA OTKPbITbIX FTOPHbIX PAaboT C MOMOLLbIO FOPHO-
reosiorMyecknx MHOOPMALMOHHBIX CUCTEM WM TexHonorui. Llenbio uccnefosaHus sABaAfeTCA
pa3paboTka anroputma ONTUMM3ALMM KOHTYpa Kapbepa C MOMOLLbI FOPHO-reos0rMyeckomn
MHOOPMALMOHHOMN cuctembl. MpumeHeH anroputm Jlepya-fpoccmaHa ¢ NOMOLbIO NPOrpamMMbl

Moctynuna: 17 okmabpa 2022 Whittle. MpeanoxkeHo 060CHOBaHWE U3MEHEHUA KOHTYpPa Kapbepa UCXOAs M3 CXeMbl BCKPbITUSA,
PeueH3nposaHue: 12 aHeapa 2023 reOMEeTPUYECKMX XapPaKTEPUCTUK U CNeLManbHbIX TEXHUKO-IKOHOMUYECKMX NapameTpoB 610KOB.
MpuHATa B nevatb: 02 pespans 2023 [aHHoe npepnoxeHne obecneymBaeT nosbiweHue 3POEKTUBHOCTU [06bIYM M COKpalLeHUe

KanuTabHbIX W 3KCMAYaTaLMOHHBIX 3aTpaT Npu oTpaboTke MeCcTOpoXAeHUsA. ABTOPbI NPULLAN K
BbIBOAY, YTO OYHKLMOHaN coBpemeHHbIX [TUC nomoraeT yuuTbiBaTb PbIHOYHbIE YCAOBUA NpU
NPOEKTUPOBAHMM OCHOBHbIX NapameTPOB Kapbepa M MPUHATb NPaBUAbHOE pelleHue Ha dTane
MOArOTOBKE MECTOPOXKAEHMA K pa3paboTke WM Npu M ONTUMM3ALMU MMEIOLLErOCs KOHTYpa
Kapbepa.

Knrouesbie cnosa: OTKpbiTas p[o06blua, KenesHas pyaa, 3OPeKTUBHOCTb [06bIYM, KOHTYp
Kapbepa, ropHble paboTbl, MHPOPMALMOHHbIE TEXHONOTMUUN, FEOTEXHOIOMUN.
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ABSTRACT

The object of study in this work is microsilica. Microsilica is a pulverized technogenic waste
generated during the smelting of technical silicon in industries. The intended use of this material
is to obtain the highest quality grades of technical silicon in the end result without the use of
expensive quartz. Microsilica is a finely dispersed powder, the direct processing (without
preliminary preparation) of which into technical silicon is impossible in ore-thermal furnaces. That
requires the manufacture of high-strength briquettes based on it, meeting all the requirements
for raw materials for ore-thermal furnaces. In this paper, the authors present the results of a study
of the thermal stability of microsilica-based briquettes in order to optimize the physicochemical
properties of the resulting briquettes. The tested microsilica briquettes with various carbonaceous
reducing agents (screenings of coke of thermo-oxidative coking, screenings of charcoal, etc.) were
obtained on a large-scale laboratory roller briquetting press ZZXM-4. The evaluation of the thermal
stability of the briquettes was carried out according to the method in which the resulting
briquettes are subjected to thermal shock followed by abrasion on a special drum. The thermal
resistance of a briquette is defined as the ratio of the weight of the main body of the briquette
after the abrasion test to the sum of the weight of the main body and the crumbled material. The
dependence of thermal stability on the granulometric composition of briquettes was also
determined. The optimal granulometric composition was determined, with which the briquettes
have satisfactory thermal stability. Thus, the most technologically advanced granulometric
composition of the briquetting charge for reduction smelting in an ore-thermal furnace was
established. It is best to use briquettes with granulometric compositions of the appropriate ratio
of fractions 0-1; 1-3; 3-5 mm with the following proportions 35/35/30 and 60/20/15, as well as
briquettes with particle size distribution within these ranges of variation.

Keywords: thermal stability, briquettes, microsilica, silicon briquettes, briquetting, silicon waste.
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Introduction

Due to the widespread use of silicon in various
fields of industry, a lot of work is currently underway
to optimize the technological process of its
production [1]. An important problem of the
technological process of production of technical

silicon in the conditions of Tau-KenTemir LLP is the
formation of a large amount of microsilica. Under
the conditions of Tau-KenTemir LLP, when smelting
one ton of technical silicon according to standard
technology using vein quartz with a carbonaceous
reducer, one ton of microsilica is captured by gas
cleaning systems, with 65-70% extraction of silicon
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into metal [[2], [3]]. Such average annual technical
and economic indicators significantly worsen the
economics of production, which not only highlights
the problem of the lack of technological solutions for
the processing/utilization of microsilica but also
creates an environmental problem associated with
the storage of technogenic waste [[4], [5], [6], [7]].
This fact indicates the need for a number of research
works to find a competent utilization of microsilica.
It should also be noted that developments are
underway around the world to improve existing and
create new methods for involving finely dispersed
raw materials in metallurgical processing [[8], [9]],
including in the production of technical silicon.

Microsilica is an ultra-disperse material
consisting of spherical particles, obtained in the
process of cleaning the exhaust gases of furnaces in
the production of technical silicon [10]. In the world,
only a small part of these wastes has found
application for the manufacture of building concrete
mixtures [[11], [12]]. In turn, microsilica can be a
significant quality source of raw materials for the
production of technical silicon. This material in the
bulk consists of a valuable component - silicon
dioxide and the number of harmful impurities is not
high, so it is important to use microsilica as a raw
material for the production of silicon and its alloys.

Utilization and use of pulverized waste in the
form of microsilica should be considered as an
important direction in saving material resources
[[13], [14], [15]]. The use of microsilica for the
production of silicon is complicated by the fact that
it is in a finely dispersed form [[16], [17], [18]], and
does not meet the requirements for charge
materials for smelting in ore-thermal furnaces.
Therefore, it is required to develop an optimal mode
of agglomeration of this material to obtain high-
strength briquettes. This should be taken into
account when developing a new resource-saving
technology for smelting crystalline silicon using
microsilica. Briquetting is considered the most
effective method of agglomeration for metallurgical
production due to the possibility of agglomeration of
raw materials of wide-size classes in almost any ratio
and any chemical composition, as well as the
ergonomics of the process.

Currently, there is no state regulatory and
technical base that regulates the requirements for
briquettes as an element of the technological
process. In this connection, the resulting briquettes
in terms of their chemical composition, geometric
dimensions (size), and strength must meet the
requirements and features of the technological
process in which they are supposed to be used. Since

the chemical composition and size of briquettes are
set before briquetting, one of the important
characteristics of the quality of briquettes is their
thermal stability. Heat resistance is characterized by
the preservation of the shape of briquettes when
they are kept for 3 minutes at a temperature above
600 °C.

The authors of this work, in order to optimize
the process of microsilica briquetting for the
smelting of technical silicon, for the first time among
previous studies, took into account the factor of
thermal stability of briquettes. This factor has never
been taken into account before. The lack of this
experience often led to the disintegration of
briquettes when loaded onto the top of an ore-
thermal furnace. Therefore, a negative attitude
towards the possibility of using briquettes based on
finely dispersed quartz materials as a feedstock in
the smelting of technical silicon has firmly
entrenched in the silicon industry.

Experimental part

High-strength briquettes based on microsilica
with various carbonaceous reducing agents
(screenings of coke of thermo-oxidative coking,
screenings of charcoal, etc.) were obtained on a
large laboratory briquetting press ZZXM-4. By
achieving close contact in the briquette between
microsilica silicon oxides and solid carbon of
carbonaceous reducing agents, the most favorable
conditions for the reduction and smelting of silicon
are achieved. In this case, it becomes possible to
involve scarce low-ash carbonaceous reducing
agents as fine fractions reducing agents. The liquid
glass was used as a binder. The optimal consumption
of liquid glass per ton of charge mixture was
established -0.067 t / t at a charge moisture content
of 8%. The resulting briquettes were subjected to
natural drying at a temperature of 18-24 °C during
the day.

Until now, with the use of briquette raw
materials, not only in the production of silicon but in
many electrothermal industries, little attention has
been paid to the thermal stability index of
briquettes. Many researchers only qualitatively
described the fact of scattering of briquettes when
they hit the top of an ore-thermal furnace as a result
of a sharp change in temperature [[19], [20]].

To optimize the process of smelting technical
silicon from briquette mono-charge, the authors of
this work carried out studies to determine the
thermal stability of briquettes obtained from
microsilica and carbonaceous reducing agents. Here
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a method for the quantitative description of this
property is proposed. This method (technique) for
quartz was proposed by SMS Demag (Germany) [21].

According to this technique, quartz samples
with a fraction of 20 - 30 mm are placed in a crucible
and kept at 1300°C for one hour. The sample is taken
out and cooled to room temperature. A fraction of +
20 mm is taken and placed in a drum with a diameter
of 200 mm, a depth of 100 mm with four 17 mm ribs
on the side. The drum is rotated 80 times at a
rotation speed of about 40 rpm. Next, the sample is
sieved on 20, 10, 4, and 2 mm sieves, and a
granulometric curve is built. The temperature
resistance is evaluated according to the reference
curves - figure 1, developed by SMS Demag.
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Figure 1 - Particle-size curves for assessing the thermal
stability of quartz raw materials

In this work, the evaluation of the thermal
stability of briquettes was carried out by a similar
method, with the difference that the briquettes
after thermal shock and the subsequent abrasion
test were not subjected to screening, but the
fraction of fines that crumbled as a result of the test
relative to the main body of the briquette was
estimated. The thermal shock was carried out at a
temperature of 900 OC with exposure for 1 hour.
After testing for abrasion on a special drum, the
main body of the briquette is weighed, and the
material that has fallen off the surface of the
briquette during the test is collected and weighed.
The thermal resistance of a briquette is defined as
the ratio of the weight of the main body of the
briquette after the abrasion test to the sum of the
weight of the main body and the crumbled material.

It should be especially noted that the
achievement of the highest thermal stability is
achieved by optimizing the drying mode. Two
options for removing moisture from the briquette
were considered. In the first version, the briquettes
were dried in a laboratory oven at a temperature of

250-2700C with high intensity and forced air blowing
of the furnace space for 30 minutes from the initial
moisture content of 20-25% to the residual moisture
content of 1-2%. The second option is closer to
practical implementation in industrial production
and includes three stages. In the first stage, wet
briquettes from the briquetting press are kept under
natural drying conditions for about 24 hours until a
residual moisture content of about 12-18%. This is
necessary in order to be able to reload wet
briquettes using special equipment and load them
into bunkers without significant destruction of the
briquette structure. Next, the briquettes are loaded
into a chamber-type oven with natural air circulation
in the oven space, where the briquettes are dried to
a residual moisture content of 10-12% for 8 hours.
After that, dried briquettes should gain strength
within 5-7 days. In this case, the residual external
humidity of the briquette will be about 5%. Part of
the moisture in the process of setting the briquette
will turn into a crystalline form.

Results and discussion

Table 1 presents the results of the thermal
stability of briquettes of various compositions at
various stages of the drying process, as well as in
different variants of its implementation. As can be
seen from the table, the final thermal strength of the
briquettes is higher when drying according to the
second option. In this regard, when assessing the
impact of the granulometric composition of the
briquette mixture and the briquetting force on the
physicochemical properties of the briquettes, the
data obtained as a result of the three-stage method
of drying the briquettes were taken

Figure 2 shows graphs of the thermal strength of
briquettes for different types of granulometric
composition of the briquette charge. Analyzing the
data presented in Figure 2, it should be noted that
all dependencies, except for the dependence for fine
mixtures, pass through a maximum. Reducing the
proportion of fine fractions from 60 to 35% provides
a slight shift of the maximum towards greater
optimal briquetting forces from 300 to 370 kgf/cm?.
This achieves a large value of thermal stability of the
briquettes - about 90%. Further reduction of fines
fraction 0-1 mm in the charge to 15% leads to a
sharp deterioration in the conditions of briquetting
and requires an increase in effort at optimal heat
resistance up to 780 kgf/cm?. Optimum thermal
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stability under these conditions is reduced to 65%.
When finely dispersed mixtures are used in the
process of briquetting, the thermal strength of the
briquettes sharply increases to a force of
300 kgf/cm?2. After this value, the growth rate
decreases significantly. The dependence in this area
has a monotonically increasing character up to a
force value of 880 kgf/cm2. The value of thermal
strength at this force is quite high, but does not
exceed the option with a fine fraction of 35%. Thus,
from the point of view of the thermal strength of the
briquette, the optimal ratio of fractions is 0-1; 1-3;
3-5 mm in proportions 35/35/30.

Table 1 - Comparative analysis of thermal stability of
briquettes, % at various stages of the drying process

Briquette Drying stage
composition | Drying | Dryingin | Drying | Quick
24 a -5-7 furnace
hours | chamber | days dry 30
upto | furnace- | upto | minutes
12- 8 hours 5%
18% up to 10-
12%
Special coke
0% 40 58 75 50
Microsilica -
60%
Charcoal -
10%
Special coke
0% 32 40 82 48
Microsilica -
70%
ZE et i
. o~ <
£ 60 / \ \\hﬂ
20/
ol A ~
L/ ,
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Briquetting force, kgf'sq.cm

Figure 2 - The dependence of the thermal stability of
briquettes on the briquetting force and particle size
distribution of the briquetting charge

The presence of particles of different pore
diameters in the briquette improves the gas
permeability of the layer of reaction products due to
the formation of macrocavities in the body of the
briquette during the gasification of carbon
inclusions. The negative point in this is a decrease in
the thermal stability of briquettes with content of
particles with a diameter of 1-3 and 1-5 mm
increased by more than 30%. The briquettes
subjected to the thermal stability test, formed from
a charge, including microsilica, screenings of quartz,
and screenings of oxidative thermocoking coke with
a particle size ratio close to optimal, acquire a
specific macrostructure, shown in Figure 3. They can
be identified by the presence of macrocavities
(pores) on the body of the briquette, the solid body
of the briquette is microsilica, white inclusions are
quartz, black are coke screenings.

Figure 3 - Macrostructure on the fracture of a briquette

of fractions 0-1; 1-3; 3-5 mm at a ratio of 35/35/30 (a -

briquette at a pressure of 175 kgf / cm?; b - briquette at
a pressure of 300 kgf / cm?)

Conclusions
Thus, the most
granulometric composition of the briquetting charge
for reduction smelting in an ore-thermal furnace was
established. It is best to use briquettes with
granulometric compositions of the appropriate ratio
of fractions 0-1; 1-3; 3-5 mm with the following
proportions 35/35/30 and 60/20/15, as well as
briquettes with particle size distribution within

technologically advanced

these ranges of variation. A briquette with a finer
fractional composition is characterized by greater
thermal stability, which is undesirable when smelted
in ore-thermal furnaces. Less fine briquette shows
the opposite characteristics. Which of the factors is
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MukpokpemHe3sem HerisiHgeri 6pukeTTepaiH, TepMmuanbiK 6epikTiriH 3eptrey
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TYWIHAEME

OCbl KYMbICTafbl 3epTTEY OBBEKTICI MUKPOKPEMHEIEM - BHAIPICTEPAE TEXHUKANbIK KPEMHUAAI
6ankbITy KesiHAe naiaa 60naTbiH LWaH, TApi34i TEXHOTEHAK KanabikTap 6onbin Tabblnagpl. byn
maTtepuanabl 60MKamabl NaiganaHy-KbIMb6aT KBapuThl NaiaanaHban, TEXHUKaNbIK KPEMHUNAIH,
eH, JKofapbl cananbl b6peHAaTepiH any. MuKpoKpemHesemai KalTa eHaey npobaemachl
MWKPOKPEMHE3EMHIH, KeHAi-TeEpMUANbIK NelwTepae TeXHWKaNblK KpemHwuiire Tikenen eHaey
(angpbiH ana fanbIHABIKCHI3) MYMKIH 60MaTbIH YCaK AUCNepCTi YHTaK 60bin TabblnaTbIHAbIFbIHA
6ainaHbICTbl. Byn KeHAi-TEPMUANBIK NELITEPre apHanfaH LWWKI3aT MaTepuangapbiHa KOWbINaTbiH
6apnblk, TananTapabl KaHafaTTaHAbIPATbiH OHbIH, Heri3iHAe ofapbl 6epikTiri 6ap bpuketTepai
JalblHaayapl Tanan etegi. byn KymbicTa aBTOp/ap anblHFaH BpuKeTTepAiH GU3NKa-XUMUANBIK
KacMeTTepiH OHTalNaHAbIPy MaKcaTblHAA MUKPOKpemMHe3semM  HerisiHaeri  GpukeTTepaiH,
TEPMUANBIK,  TYPAKTbIAbIFbIH  3epTTey  HITMXKenepiH yCblHAbl. ©Op  TypAi  KeMipTekTi
TOTbIKCbI3AaHAbIPFbILITaPbl 6ap CbiHaNATbIH MUKPOKPeMHE3eM bpuKeTTepi (TEPMO TOTbIKTbIPFbILL
KOKCTeY KOKCbl, KOMIp CKPWUHUHTI KaHe T.6.) ZZXM-4 ipi 3epTxaHanblK POAVKTI 6puketTey
npecciHge anbiHabl. BpuKeTTepAiH TepMuAnbIK 6epikTiriH 6aranay agicteme 60MbIHLWLA Kyprisingi,
OHZA aNblHFaH OPUKETTEP TEPMUANDLIK COKKbIFa YLIbIpaiabl, COAAH KeWiH onapabl apHaiibl
6apabaHpa TO3ablpaabl. BpUKETTIH, TepMUANbIK TYPaKTblAbiFbl abpasuBTi CbIHAKTAH KewWiHri
BGPUKETTIH, Heri3ri AeHe Cca/fMaFblHblH, XKJHe Ky/lafaH maTepuangpblH KOCbIHAbICbIHA KaTblHACHI
peTiHae aHbIKTaNnaabl. CoHpait-ak, TEPMUANBIK, TYPAKTbINbIKTbIH, 6puKeTTEPAiH,
rPaHy/IOMEeTPUANDbIK, KypamblHa Tayenginiri aHbIKTaNfaH 6onaTbIH. BpuketTepain,
KaHafaTTaHap/bIK TePMUABIK TE3iMAiNir 6ap OHTalNbl rPaHYIOMETPUANBIK KYPambl aHbIKTaNAbI.
Erep 6puKeTTeNreH WUXTaHblH, eH, TEXHONOTUANBIK FPaHyIOMETPUANbIK KypamblH TaHA4aca, oHAa
0-1; 1-3; 3-5 mm pakumAnapbiHbiH, TUICTI KaTbiHacbkl Gap TyWipwikTi Kypambl 6ap 6puketTep
caikeciHwe 35/35/30 kaHe 60/20/15 nponopumsanapbiHaa, COHAAN-aK OCbl Bapuaumsa LWeriHae
TYNipWIKTI Kypambl 6ap 6puKeTTep KEHAI-TEPMUANBIK NeLTe TOTbIKCbI3AAHAbIPFbIW 6anky yLiH
JKaAKCbIPAK eKEHiH aTan eTyre 60naapl.

TyiiiH ce3dep: TepMUANbIK TE3IMAINIK, BPUKETTEP, MUKPOKPEMHE3EM, KpemHui BpuKeTtTepi,
6puKeTTey, KPEMHUIN KanablKTapbl
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UccnepoBaHnA TepMUYECKOM CTOMKOCTU BpUKETOB HA OCHOBE

MUKpPOKpeMHe3ema
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AHHOTALMA

O6beKTOM MUCCNeaoBaHUA B HacTosAlWeld paboTe ABNAETCA MUKPOKPEMHE3EM - MblEeBUAHbIN
TeXHOTeHHbI 0TX04, 06pasyoWMIACA NPK BbINaBKe TEXHUYECKOTO KPEMHUA Ha NPOU3BOACTBAX.
Mpeanonoraemoe Mcnonb3oBaHWe AAHHOTO MaTepuna - MoNyYeHWE B KOHEYHOM pesynbTaTte
Hanbonee BbICOKOKAYECTBEHHbIX MapPOK TEXHWYECKOrO KpemHus 6e3  UCcnonb3osaHus
poporocTtoawero Keapua. MNpobnema nepepaboTkM MWKpPOKpeMHesema CBA3aHa C Tem, 4TO
MUKPOKPeMHe3eM npeacTaBnseT coboli MenKoaMcnepcHblii MOPOLWOK, HenocpeacTBEHHaA
nepepaboTtka (6e3 npepBapuTENbHOM MNOArOTOBKM) KOTOPOrO Ha TEXHWUYECKUI KpemHWiA
HEeBO3MOXHaA B PyAHO-TEPMUYECKMX Neyax. YTo TpebyeT U3roToBNeHUA BbICOKONPOUHbIX pUKETOB
Ha ero OCHOBe, YAOBNETBOPAIOWMX BCem TpeboBaHWAM, NPesbABAAEMbIM K CbipbeBbiM
MaTtepuanam Ans pyaAHO-TEPMUYECKMX neveld. B pgaHHOM paboTe aBTopamu npeacTaBaeHbl
pesynbTaTbl UCCNEA0BAHMA TEPMUYECKON CTOMKOCTU BPUKETOB Ha OCHOBE MUKPOKpPEMHE3EMa C
Lenblo oNTUMM3aLMN GUBMKO-XMMUYECKUX CBOWCTB NonydYaemblx 6GpuKkeToB. McnbiTbiBaemblie
6PUKeTbl U3 MUKPOKPEMHE3eMa C Pas/IMYHbIMU YrNepoAUCTbIMU BOCCTAHOBUTENAMMU (OTCEBbI
KOKCa TEPMOOKMCAUTENBHOTO KOKCOBAHWA, OTCEBbI APEBECHOIO YrAA U Ap.) 6blAn NoayYeHbl Ha
KpYnHO-nabopaTopHOM BankoBOM 6puKeTMpoBoyHOM npecce ZZXM-4. OUEHKY TepMUYecKon
CTOMKOCTU BPUKETOB BbINO/IHANM MO METOAMKE, B KOTOPOW NOAyYeHHble BpUKeTbl NoasepraoTca
TEPMUYECKOMY YAaPY C NOCNEAYIOWUM UX UCTUPAHUEM Ha CcneumanbHom bapabaHe. Tepmuyeckas
CTOMKOCTb OpuKeTa onpefenAeTcA Kak OTHOLWEHMEe Beca OCHOBHOTO Tena b6pukeTa nocne
MCMbITAaHWA HA UCTMPAEMOCTb K CyMmMe Beca OCHOBHOIO Tena M ocbinasLUeroca matepuana. Takxke
6blna onpeaeneHa 3aBUCMMOCTb TEPMUYECKON CTOMKOCTU OT FpaHy/IOMETPUYECKOrO COCTaBa
6puketoB. OnpeaeneH ONTUMaNbHbLIA TPAHYIOMETPUYECKUIA COCTaB, C KOTOPbIM 6puKeTbl
06/M1a8al0T  YAOBNETBOPUTENBHOW TEpMMYECKOW CTOWKocTbto. Ecnm  BbIGMpaTb Haubonee
TEXHONOTMYHBIN FPAHYIOMETPUYECKUIA COCTaB BPUKETUPOBAHHOM WNXTbI, TO MOXKHO OTMETUTD, YTO
Nydwe noaxoAAaT K BOCCTAHOBUTE/IbHOW MNaBKe B PYAHO-TEPMWUYECKOW Neunm OpUKeTbl ¢
rPaHyN0MEeTPUYECKMMM COCTaBaMM COOTBETCTBYIOLLMM COOTHOWeHnemM dppakumii 0-1; 1-3; 3-5 mm
B cneaywowmx nponopumax 35/35/30 u 60/20/15 cooTBeTCTBEHHO, a TaKKe OGPUKeTbl C
rPaHYNOMETPUYECKMM COCTaBOM B 3TUX Npesenax BapbupoBaHMs.

Kntouyesbie ca08a: TepMUYECKasn CTOMKOCTb, BPUKETbI, MUKPOKPEMHE3EM, KPeMHUEBbIE BPUKETDI,
6prKeTUPOBaHNE, KPEMHUEBBIE OTXO/bl
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ABSTRACT

It is acknowledged that titanium and magnesium production wastes pollute the environment,
which in the sequence they create an environmental hazard for soils, groundwater and
vegetation. Meanwhile, these wastes can be considered secondary resources of rare and rare
earth metals. In recent years, the processing of industrial waste has been a new trend for the
extraction of rare and rare earth metals, which can partially cover the demand in case of their
disposal. This article is devoted to a review of the available literature and articles on the
extraction of rare metals from titanium-magnesium production waste using various processing
methods. Methods of their utilization are discussed with an emphasis on the extraction of rare
and rare earth metals. This review considered waste processing technologies of various
pyrometallurgical and hydrometallurgical processes. Technological schemes of various leaching
and extraction processes were presented to give a holistic view of waste processing and
extraction of rare metals contained in them. In general, the article contains an overview of the
works published on the extraction of rare metals, such as REE (rare earth elements), niobium,
tantalum and vanadium.

Keywords: titanium wastes, rare metals, niobium, vanadium, scandium, rare earth elements,
leaching, chlorination
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Introduction

Rapid industrialization

bearing raw materials, there are massive amounts of
waste generated. These wastes are sent to special

influenced the landfills or sludge storage facilities and they pose a

demand for rare metals, in particular titanium and
titanium-bearing materials. Titanium is used for
different branches of the car industry, aerospace,
doping, petroleum engineering, and chemical
processing. However, during the recovery of titanium-

significant danger to the environment, polluting soils
and natural waters. Because they are released into the
atmosphere and acidic industrial wastewater s
discharged into water streams. It is widely known that
for the recovery of titanium, the Kroll process is

—— g4 ——
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commonly used. As a result, various residues, especially
such as titanium chloride residues, electrolytes, sludge,
and gases, residues are formed consisting of chlorides,
and oxychlorides of rare metals [1].

The complex recovery of waste in titanium
production has long been considered one of the most
pressing issues. The waste contains various valuable
components and rare metals. Considering that reserves
of rare metals are concentrated in the surface layer of
waste, in turn, it affects the fall in the cost of production
of rare metals. Niobium, tantalum and scandium oxides
with a total content of 0.6-1.5% are found in titanium
production waste [2].

It is acknowledged that the Kroll method based on
magnesium thermal reduction is used for processing
titanium concentrates. Therefore, a large amount of
waste is formed. For the process of producing 1 ton of
titanium, about 2 tons of chloride waste are formed. In
this regard, there is a need to neutralize chloride
residues [3]. Various chloride wastes (used electrolytes,
melts, sludge) are thrown into waste landfills and are
harmful to the environment because they are not used
as raw materials. In the production of titanium
tetrachloride, titanium-containing slag is used, which
contains a significant amount of rare metals-Nb, Ta, Sc,
V, Zr, etc. In addition, in large quantities, the additives
Fe, K, Na, Ca, Na, and Mg are irretrievably lost. During
chlorination, most of these impurities are converted
into chlorides and oxychlorides, and due to their
physicochemical properties, they are concentrated in
individual semi-products and production waste. This
leads to high chlorine consumption, additional costs
and environmental pollution [[4], [5]].

Sludge and waste are stored in special warehouses
and landfills at titanium-magnesium plants. In turn,
waste storage is an expensive service, as well as in the
event of an increase in the norms of the maximum
permissible concentration (MPC) in accumulated waste
and the enterprise will face fines and sanctions. [6].

The purpose and objective of the review are to
highlight existing technologies for processing
wastes that are generated in titanium and
magnesium production, as well as the survey of
methods of recovery rare and rare earth metals
from them.

Recovery of Nb and Ta from titanium wastes.
Niobium (Nb) and tantalum (Ta) are rare metals and
the qualities of both metals make them critical raw
materials. In nature, tantalum and niobium are
most often found together. In deposits, as in the

earth's crust, the concentration of Nb is usually an
order of magnitude higher than Ta. It is worth
noting that niobium itself has a high affinity for
titanium which in turn it affects the formation of a
wide range of niobium minerals with titanium. In
addition to this, these two mineral groups
(titanoniobates and tantaloniobates) are regarded
as economically viable options for niobium
recovery. Owing to this fact, titanium raw materials
and waste, by-products are considered one of the
sources of niobium production [7].

The chemical composition of spent titanium
chlorinator melts is presented in Table 1 [8].

According to Table 1, the content of niobium in
spent melt of titanium chlorinators (SMTC) is on
average 0.025-0.030%, which is a good indicator,
given that rare metals are concentrated in a
scattered form. Another important feature of
niobium is its large smear on titanium and its ability
to heterovalent isomorphism. This affects the
formation of niobium impurities and the formation
of niobium compounds in titanium minerals. This
means that the higher the concentration of titanium
in raw materials and waste, the higher the niobium
impurities [[9], [10]]. The importance of niobium
and tantalum lies in their internal properties such as
corrosion resistance, conductivity, high electrical
capacity and biocompatibility. Both metals have
similar chemical and physical properties, which
makes them easier to separate and clean. However,
their content in the Earth's crust is very low, Nb-
0.002%, Ta-0.0002% [11]. Such limited availability
requires the processing of secondary raw materials
containing Ta and Nb, including titanium-
magnesium waste, as well as metal waste and
intermediates.

Recovery of pure titanium is a complex and
technically difficult process; as crude titanium ore
can not be recovered directly from its natural form.
Therefore, raw titanium ore is processed by the
Kroll method. As a result, titanium tetrachloride is
formed, which in turn is used for obtaining titanium
dioxide (TiO;) pigment and titanium sponge. The
titanium tetrachloride (TiCl;) contains substantial
amounts of niobium, tantalum and scandium due to
accompanying elements in titanium ore [12]. These
rare metals can not be recovered by traditional
methods because the slurry contains TiCl,.

Xiang et al. [13] developed a process flow sheet
(figure 1) for recovering niobium concentrate from
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TiCly slurry residue by evaporation and acid leaching

(HCI). According to their research, titanium
tetrachloride (TiCls), niobium concentrate and
solution of aluminium chloride (AICl5) were

recovered separately. The authors first evaporated
the slurry at 200°C for 60 minutes. As a result,
around 98% of titanium was recovered from the
slurry. Then, they leached the residue with HCI
(concentration -2.1 mol/l, L/S ratio of 6:1, T-80°C, t-
60 minutes) and washed it with an ammonia
solution (2 mol/Il, L/S ratio of 4:1 ml/g, t-30 minutes,
at room temperature). Their results after filtration
indicated that Nb concentrate content with Nb-
53,40% and Ta-5,57% was obtained.

In other studies, the authors investigated the
recovery of niobium from chloride residues
generated from the chlorination of titanium slags
[[14], [15]]. In order to recover two-stage leaching
process was suggested. The technological scheme

of two-stage leaching is shown in Figure 2 [15]. For
the first stage of leaching, water is used, whereas
4.0 M of HClI (Hydrochloric acid) is used in the
second stage. The leaching process was carried out
at 25°C, with an S:L ratio of 1:4 and a mixing speed
of 400 rpm. Cation exchange sorbents such as
Purolite-C104 and KU-2-8H were used for the
sorption of niobium from the leaching process
solution. After the leaching process with water, the
pulp was sent to the filtration process to separate
the pregnant leach solution and the niobium-rich
cake. Then, the leaching solution was sent to the
processes of obtaining scandium and carnallite.
When using Purolite-C104 ion exchange resin, the
sorption efficiency of niobium from solution with
the concentration of 2 g/l was around 71.0 % (0.071
g/g) in 3.5 hours. Meanwhile, in terms of KU-2-8 H
ion exchange resin, this indicator was about 89.0 %
(0.089 g/g).

Table 1 - Chemical composition of spent titanium chlorinator melt [8].

Composition Content, % Composition Content, % Composition Content, %
TiO, 1-2 MgCl, 6-12 MgCl, 4.5-5,0
Sio, 4-7 CaCl, 3-4,5 Criotal 0.8-1.55

C 3-6 FeCl, 10-12 Nb,0s 0.025-0.030
Sc,03 0.01-0.03 FeClz 1-3 Ta,05 0.005-0.006
AlCl3 5-6 KCl 22-47 Cl 45-50
V205 0.01-0.45 NaCl 14-18

| TiClyslurry residue |

!

| Evaporation

Y

| Evaporated residue

Dilute HCI }—>l

|—>| Vapor condensation |

Y

| Raw TiCl, |

| Leaching and filtration

Leaching solution |

-

,

| Leached residue |

Ammonia water

| Stirring and filtration

l

| Niobium concentrate

[ aon), v Modified PAM

| Purification and filtration |

Y
AICl; solution

Figure 1 - Technological flow sheet of metal recovery from TiCls slurry residue [13].
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Spent melt of titanium chlorinators

!

Aqueous leaching
(T= 25-30 C, S:L =1:4, t =20 min, 400 r/min )

| Filtration

v

Pregnant leach solution

v

Cake enriched with niobium

(Na,Mg,K,Ca, Fe, Al, Cd, Sc, Cr, Mn) (Nb, Ta, C, Si, Ti)
Scandium extraction and Acid leaching

synthesis of carnallite

(T=80 C, S:L =1:2, t =60 min, 400 r/min)

!

Filtration |

v v

Pregnant leach solution

(Nb.Ta) (C, Si, Ti)

Sorption of Nb,Ta |

Figure 2 - Flow sheet of the two-stage leaching process [15].

Recovery of V from titanium wastes. lImenite
ore commonly contains titanium, iron, and
vanadium. Most of the vanadium passes into
titanium slag, during the reduction melting of
ilmenite concentrate. Throughout, the chlorination
of titanium slag, about 70% of vanadium is
concentrated in technical TiCl, mainly in the form of
VOCI; and partially VCls. The presence of vanadium
in titanium sponge significantly deteriorates the
quality of titanium [[16], [17]].

Purification of titanium tetrachloride from
impurities is a key stage in the production of
titanium sponges. Because TiCls contains a
significant amount of impurities in the dissolved
state and in the form of a fine mechanical
suspension. For example, SiCls,, VOCls, VCls, CCls,
SOCIl; and other chloride solutions are mixed with
TiClsin all ratios. As a result, it leads to the form of a
continuous series of solutions that is a hindrance to
further processing Titanium tetrachloride is purified
from impurities in various ways, such as
sedimentation, filtration, rectification, and
distillation [18].

These wastes as a form of pulp represent a
mixture of TiCls, TiCls, and AlCls. When mixing pulps
of lower chlorides with titanium tetrachloride

titanium trichloride interacts with vanadium
oxytrichloride and converts it into an insoluble form
of VOCI,. The precipitate containing VOCI; is sent to
the extraction of vanadium [[19], [20]].

Sidorenko et al. proposed (figure 3) [21]
vanadium recovery by the method of liming
aluminium vanadium cake with further processing
of lime cake. The authors suggested washing lime
cake with water. After that, the compounds of
vanadium, aluminium and titanium passed into the
dechlorinated cake and the chloride ions and the
main part of calcium into the solution. The
dechlorinated cake is easier to treat during
oxidative roasting without adding special additives.
The optimal temperature for roasting was between
700-750°C. After roasting, the cinder was leached
by soda between 70-80°C. Hence, vanadium
pentoxide is converted into the soluble form of
NaVOs. Whereas, insoluble compounds formed the
cake that contained aluminium and titanium.

The concentration of the soda solution
fluctuated in the range of 33-100 g/dm3, and the
leaching time was between 1-4 hours. According to
the authors, evidence leaching proceeded better in
denser pulps. The highest degree of vanadium
extraction was observed at a solution concentration
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Figure 3 - Technological flow sheet for recovery vanadium from lime cake [21].

of 50 g/dm3. An increase in the leaching time at this
concentration led to an increase in the degree of
extraction of vanadium from 90 to 96.5%.

Recovery of REEs from titanium wastes.
Rare earth elements (REEs) are a group of 17
elements, including scandium (Sc), yttrium (Y) and
15 lanthanides [22]. REEs are almost not mined
from primary ore deposits, because of their
economic feasibility and effectiveness. Owing to
this, the urgent demand has prompted many
organizations to evaluate alternative sources of REE
[[23], [24]].

As elucidated above, Sc is a less abundant
element and it is a related group of REE. According
to the latest works, scandium recovery from
secondary sources has been accelerated from
different by-products (tailings, waste acids, and
solid residues, residue streams) in the production of
other metals including REE, titanium, aluminium,
iron ore, and uranium [[25], [26], [27], [28], [29],
[30]].

Scandium is the solid residue generated in
Titanium dioxide (TiO;) production [31]. Titanium-
bearing ores contain high content of scandium and
are the most important resource for their extraction
[[32], [33]]. For instance, in China, the ilmenite ores
on average contain 0.002-0.004 Scandium oxide
(Sc203) [34]. Scandium resources are accessible in
the form of liquid wastes of TiO, pigment

production, and industrial production volume is
estimated to be 8.4 million tons around the world
[35].

One of the resources of scandium is hydrolyzed
sulfuric acid, which is generated in the production
of titanium dioxide [[36], [37]]. The authors studied
the separation and recovery of Sc and Ti from the
hydrolyzed sulfuric acid waste of titanium dioxide
[32] by using the solvent extraction method. This
method is based on using a mixed solution of
NaszPO4 and H,0; to selectively scrub titanium over
scandium from the loaded organic solution bearing
scandium and titanium. Then, NaOH solution (4
mol/1) is added to strip scandium from the scrubbed
solution. Authors, scandium stripping was 93% and
after elaboration results, the final product of
scandium was 83,9%.

E. Mikeli etal. studied [38] the absorption
process of scandium by ion-exchange resins from
acidic iron chloride solution (FeCl,) that generated
th titanium industry. The authors used two types of
exchange resins VP OC 1026 and TP 260
respectively. Among them, VP OC 1026 was more
suitable for Scandium extraction and column
capacity was 1.46 mg/ml in the experimental
conditions. This study also demonstrated the
presence of Zr, V, and Ti in the initial solution as
they coextracted both resins tests. These metals
have more capacity values in the loaded resins,
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Figure 4 - Technological flow sheet of recovery concentrate of REE from spent
melt of titanium chlorinators (SMTC) [40].

however, particularly in VP OC 1026, an
improvement in Sc concentration was better than
the other metals. It demonstrated that VP OC 1026
resin showed a higher affinity for Sc.

From the commercial perspective, the
composition of the rare earth elements in the spent
melt of titanium chlorinators (SMTC) is attractive,
as the proportion of dysprosium is 57%,
neodymium 8%, and cerium is 13% [[39], [40]]. The
authors of this work [41] studied the recovery of
REE concentrate from SMTC. Thus, the authors
proposed technological flow sheet recovery of REE
concentrate from SMTC (figure 4). The results of
chemical analysis showed that the content of REE
oxalates was 96.0%, while the overall content of
the main impurities such as barium and iron
oxalates accounted for 3.1%. The recovery of rare-
earth elements from REE from SMTC into the bulk
concentrate reached 66% [42].

Conclusion

Rare metals are widely used in many strategic
industry objects. Rare metals are generally found in
ores of other metals as concomitant elements and
recovered from their slurries and residues.
Different metallurgical processes of niobium,
vanadium and REEs recovery from titanium and
magnesium production, such as spent titanium
chloride wastes, titanium dioxide wastes, tailings,
and residues are reviewed. Specifically, niobium
and tantalum are mainly concentrated in the spent
melt of titanium chlorinators (SMTC), sludge,
whereas, scandium also is concentrated in SMTC.
When it comes to vanadium, it is mainly
concentrated in aluminium vanadium
cake. Considering, the rare metals and rare earth
elements distribution and content, titanium
industry residues might be prospective rare metal
resources. According to the literature survey,
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hydrometallurgical methods such as ion exchange,
solvent extraction, and leaching are now applicable
for the recovery of rare metals from wastes,
slurries, and residues, but most of them have not
found their method for effective application in the

industry. In summary, despite the aforementioned
challenges requiring further research, the recovery
of rare metals from titanium waste continues to
show significant prospects for the foreseeable
future.
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TUTaH XXoHe MarH1Mi eHAIPICiHiH KanablKTapbliH KaliTa eHAey apKbl/ibl CUPEK KaHe

CUPEK XKep MeTanAapbiH any TEXHO/IOTUANAPbIHA LWOAY

Toitwbibek A.M., V'Baiirenkenos 0.C., 2Typan M.A., *Kyp6aHosa b., ‘Mepki6aes E.C.

1Cam6aes yHusepcumemi, Aamamel, Kazakcmax
2 ®oipam YHusepcumemi, 3na3eie, Typyus
3 Hazapbaee yHusepcumemi, Acmaxa, KazakcmaHx

Makana kengi: 04 »enmokcaH 2022
CapantamagaH eTTi: 23 kaHmap 2023
Kabbingangpl: 22 aknaHd 2023

TYWIHAEME

TUTaH XaHe MarHwii eHAJpIiCiHIH, KanabIKTapbl KOpLWafaH OpTaHbl N1IacTan, 3KOMOMMANbIK Kayin
TyAbIPaTbIHbl 6enrini. ByHbIH canfapblHaH, TOMbIPaK, ¥Kep acTbl Cynapbl MeH eCiMAiKkTep 3apaan
weregi. CoHbIMeH KaTap, 6yn KanablKTapabl CUPeK Ke3AeCeTiH KaHe CUPEK Kep 3NeMEHTTEPIHIH,
(C¥3) kalTanama pecypcTapbl peTiHae KapacTbipyfa 60nagbl. COHfbl XKbliAapbl TEXHOrEHAIK
OHEPKICINTIK KaNAblKTapabl KalTa eHAEeY CUPEK Ke3[eCeTiH KOHE CUPEK Kep 3N1eMEeHTTepiH
(C¥3) anyaplH, kaHa TeHaeHumAcbl 6osbin Tabbinagbl. Byn makana apTypai eHaey aaictepiH
KO/MAaHa OTbIPbIN, TUTAH XaHEe MarHuMi eHAIpICiHiH, KanAblKTapblHaH cUpeK meTangapabl any
Typanbl 3aebueTTep MeH Makananapfa WOy KacayFa apHanfaH. MaKanaga cupek KaHe cupek
KesgeceTiH anemeHTTepai (CHK3) anyra b6aca Hasap aygapa OTbipbin, 0napApl Kajere Kapaty
ONgapbl TaAKblnaHagpl. apTypAi
KanabikTapapl
KaliTa eHAey XoHe KypamblHAAfFbl CMPEK MeTangapabl any Typanbl TyTac TYCiHiK 6epy ywiH
apTYpAi Wwalhimanay, copbuma KaHe ISKCTpaKUMA MNPOLECTEepPiHiH, TEeXHOMOrMANbIK Ccbi3banapbl

ofapblga KenTipinreH Kalta eHnaey TexHOMorManapbl
NUPOMETANYPIUANDBIK, KIHE TMAPOMETANNYPIUANbIK NpouecTepai KamTuabl.

yCbiHbINAbI. TyTactait anfaHaa, makanaga CH3, HMOBMIA, TaHTaN KaHe BaHAAMMN CUAKTbI CUPEeK
MeTanaapabl any XYMbICTapbIHa LLOJY KOPCETIMEH.

TyliiH ce30ep: TUTaH KanAblKTapbl, CUPEK MeTanaap, HMOBWUI, BaHaAWM, CUPEK Kep MeTanaap,
warmanay, xnopnay
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0630p No TexHoNOrMAM NepepaboTKU 0TX0A40B TUTAHOMArHMeBoro NPou3BoACTBa
W U3B/IGYUEHUIO PeaKUX U peAKO3eMe/IbHbIX MeTaN/10B

Toiwbibek A.M., 'Baiirenkenos 0.C., 2TypaH M.A., 3Kyp6aHosa b., ‘Mepkubaes E.C

1Satbayev University, Anmamesi, KazaxcmaH
2YHusepcumem ®oipam, 3aa3vi2, Typyus
3Nazarbayev University, AcmaHa, KazaxcmaH

AHHOTAUMA

M3BeCTHO, YTO OTXOAbI TUTAHOMArHMeBOro NPOM3BOACTBA 3arPA3HAIOT OKPYMKAIOLLYIO NPUPOLHYIO
cpedy, Cco34aBadA  3KOJIOTMYECKYHD ONaCHOCTb: CTPagaloT Mno4Bbl, W TPYyHTOBble BOAblI WU
PacTUTENBbHOCTb. B 10 ke Bpemsa 3TN OTXoA4bl MOryT 6bITb PacCMOTpeHbl B KayecTBe BTOPUYHbIX
pecypcoB peaKux U peakosemenbHbiX meTannos. [locnegHue rogpl nepepa60TKa TeXHOreHHbIX
APOMBbILWNIEHHbIX OTX0A40B ABAAETCA HOBOW TeH,D,eHLJ,Meﬁ ANnA  U3BNeYeHUnA peakux U

Moctynuna: 04 dekabpa 2022 pefAKo3eMesibHbIX MeTasn0B, KOTOPble MOTYT YaCTUYHO NOKPbITb CPOC B CAYYae UX YTUAU3ALMUMN.
PeueHsnposaHue: 23 aHeapa 2023 [aHHas cTaTbs noceslleHa 0630py MMeKLWUX AUTepaTypbl U CTaTeill Mo U3BNEYEHUIO PeaKuX
MpuHATa B neyatb: 22 gpespana 2023 MeTaN/IoB U3 OTXOAO0B TUTAHOMAarHWEBOro MNPOWM3BOACTBA C WCMO/b30BAHWMEM PA3/IUYHBIX

cnocobos nepepaboTku. Ob6CyKaaloTca Cnocobbl UX YTUAM3ALMM C aKLUEHTOM Ha M3BJEYeHMe
peaKux u peaxkosemesibHbIX MeTannos. lpuBedeHHble TeXHONAOTMM nepepaboTKM OTX0A0B
BK/IIOYAIOT Pas/IvyHble MUPOMETANYPruYeckue U rmapoMeTannypruyeckme npoueccsl. bbiav
NpeAcTaBNeHbl TEXHONOTMYECKUE CXEMbI PA3NINYHbIX MPOLECCOB BbILLENAYMBAHUA U U3BNEYEHUS,
4TO6bI AaTb LLENOCTHOE NpeacTaB/ieHne o nepepaboTke OTXOL0B M U3BNEYEHUN COAEPKALIMXCA B
HUX peakux meTannosB. B uenom, B cTtaTbe coaepxutca 063op onybanKoBaHHbIX paboT no
M3BNEYEHMIO PeAKNX METANNOB, TaKMX Kak P32, HNOBWIA, TaHTan U BaHaguUM.

Knroyeeblie cnoea: TUTaHOBbIE OTXOAbI, PeaKkue MeTaasibl, HUOBWiA, BaHaguii, peaKo3emenbHble
3/1EMEHTbI , BblLLLENAYMBAHME, XIOPUPOBaHKE
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Electrothermal processing of chrysotile-asbestos wastes with
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ABSTRACT

The article presents the results of an experimental study on the processing of wastes from
chrysotile-asbestos production at Kostanay Minerals JSC. An electrothermal technology for the
extraction of magnesium and siliceous ferroalloy from the chrysotile-asbestos wastes is
proposed. The influence of the amount of coke and steel shavings on the technological
parameters of the obtained alloys is determined. The results of derivatographic and SEM
analyses of the chrysotile-asbestos waste samples are presented. The studies included planning
experiments using the second-order rotatable designs (Box-Hunter plans), graphical optimization
of technological parameters, and electric melting of a charge in a graphite crucible using a single-
electrode arc furnace. Adequate regression equations were obtained explaining the effect of the
amount of coke and steel shavings added to the chrysotile-asbestos waste on the extraction
degree of silicon into the alloy and the silicon concentration in the alloy. By the electric melting
of the charge, high-quality FS25 grade ferrosilicon with a silicon content of 24.4-29.2% and FS45
grade ferrosilicon with a silicon content of 41.6-45% were obtained. It was established that FS45
grade ferrosilicon with the extraction degree of silicon into the alloy from 75 to 85.4% is formed
in the presence of 33.6-38% of coke and 16-20.8% of steel shavings. FS25 grade ferrosilicon is
formed in the presence of 30-38% of coke and 29.4-40% of steel shavings; the extraction degree
of silicon is 68.6-73.8%.

Keywords: chrysotile-asbestos waste, coke, steel shavings, rotatable planning, electric smelting,
arc furnace, ferrosilicon
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Introduction

asbestos are extracted annually at Kostanay
Minerals JSC [2].

Kazakhstan is among the top three leaders in
the world in the extraction and processing of
chrysotile ores. In accordance with [1], the
Zhetikara deposit located in the Kostanay region
ranks fifth in the world in terms of chrysotile-
asbestos reserves. Chrysotile-asbestos production
from ores of this deposit is organized at Kostanay
Minerals JSC. Up to 5 million tons of chrysotile-

When enriching 1 ton of the chrysotile-asbestos
ore by the dry gravity method [3], 0.92 tons of
wastes are formed, which contain 39.45-40.25% of
MgO, 36.0-38.67% of SiO,, 2.8-4.89% of Fe;0s,
1.98-3.18% of FeO, 1.03-1.31% of Al,03, 0.16-0.24%
of NiO, 0.025-0.77% of Cr,0s, 0.75-1.96% of CaO,
0.3-0.46% of CO,, 0.12-0.48 of SO3, 11.48-13.67% of
loss on ignition, 0.1-0.15% of others (TiO,, MnO,
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K20, NaxO) [[4], [5], [6]]. Thus, the main
components in the wastes are MgO and SiO; [[7],
[8], [9]]. 1.16 million tons of magnesium, 0.73
million tons of silicon, and 9.0 thousand tons of
nickel are annually lost at Kostanay Minerals JSC.
There are some methods of chrysotile-asbestos
waste processing using acid leaching [[10], [11]].
The disadvantage of these methods is their multi-
stage. For example, according to [10], the
production of magnesium from serpentinite
includes grinding the waste, leaching with HCI,
separating the solution from the precipitate,
purifying and concentrating the solution, obtaining
synthetic carnallite, its multi-stage dehydration to
obtain magnesium chloride raw materials for
electrolysis, electrolysis to obtain magnesium and
chlorine. We propose an electrothermal technology
for magnesium and siliceous ferroalloy production
from chrysotile-asbestos wastes with fewer stages
compared to the hydrometallurgical method.

Initial materials. Research Methodology

According to [[12], [13]], chrysotile-asbestos
wastes contain serpentine (3Mg0*2Si0,*2H,0) —
57%, talc (3MgO*4Si0,*H,0) — 17%, brucite
(Mg(OH)2) — 9%, forsterite (Mg,SiOs) — 6-7%,
magnesium, and iron oxides (MgO, FeO, Fe;03) — 8-
9%. DTA and SEM analyses of a chrysotile-asbestos
waste sample, performed with using a
derivatograph Q-1500D (DEMO) and a scanning
electron microscope, are shown in Figures 1 and 2.
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Figure 1 — Derivatogram of the chrysotile-asbestos waste

It is seen that the weight loss of the chrysotile-
asbestos waste is 12.5%. According to the SEM
analysis, the initial waste sample contained 46.0%
of MgO, 35.8% of Si0,, 2.4% of Al,O3, 0.9% of NaO,
1.5% of K0, 0.9% of CaO, 1.2% of Fe,0s, 1.4% of
Zn0, 1.0% of PbO, 0.3% of MnO, 10% of others. For
melting, the chrysotile-asbestos waste sample was
used calcined at 800°C for 30 minutes; its
composition was 50% of MgO, 38.9% of SiO,, 2.7%
of Al,03, 1% of Na;0, 1.6% of K;0, 1% of Ca0, 1.3%
of Fe;0s, 1.5% of ZnO, 1.1% of PbO, 0.3% of NiO,
and 0.1% of Cr,0s3. Coke was used produced on the
West Siberian Metallurgical Plant and contained
88.2% of solid carbon, 1.5% of volatiles, 1.2% of S,
9.1% of ash (including 4.5% of SiO,, 2.3% of Al,O;,
1.5% of Fe;0;, 0.5 of 5 (CaO and MgO0), 0.1% of
others. Steel shavings contained 98.2% of Fe, 1.1%
of C, 0.3% of Si, 0.2% of Mn, and 0.2% of others.

Spectrum 1

Electronic image

Element

0 FlNa| Mg | a | si | s
Weight

o | 4663 | 125 | 074 | 2761 | 1.25 | 16.77 | 06
Element | o | « | ca | mMn | e | zn | Pb
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| - spectrogram, Il - elemental composition

Figure 2- SEM analysis of the chrysotile-asbestos waste
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The studies included electric melting using a
single-electrode arc furnace, shown in Figure 3.

1 - furnace shell, 2 — chromium-magnesite lining,
3 — coal-graphite hearth, 4 — graphite crucible,
5 — coal-graphite layer, 6 — transformer TDZF-1002,
7 — graphite electrode, 8 — lower current lead,
9-12 — control ammeters and voltmeters,
13 — electrode movement mechanism, 14 — flexible part
of a low-voltage circuit, 15 — furnace cover
| —melting the charge, Il — furnace with transformer

Figure 3 — Single-electrode arc furnace

The electric melting of the charge was carried
out in a single-electrode arc furnace (up to 15 kVA
power) lined with chromium-magnesite bricks. The
bottom electrode was made of a graphite block. A
graphite crucible (d = 6 cm, h = 12 cm) was placed
on the hearth. The furnace in the upper part was
closed with a removable cover with holes for
placing a graphite electrode with a diameter of 3
cm and a gas outlet. The crucible was preliminarily
heated by electric arc for 20-25 min. After that, the
first portion of the charge (200-250 g) was loaded
into the crucible. It was melted for 3-6 minutes.
Then, every 4-6 minutes, 200-250 g portions of the
charge were loaded in the crucible. During 1
experiment, 1500-2000 g of the charge was melted.
Occasionally, the temperature at the outlet of gases
from the furnace was measured with a GM2200
pyrometer and the temperature of the outer
graphite crucible surface at the reaction zone level
was measured with a tungsten-rhenium
thermocouple. The temperature under the furnace
cover during the melting period was 900-1050°C,
and the temperature by the crucible wall was 1750-
1850°C. During the melting period, the current
strength was 350-400A, and the voltage was 30-
35V. Electricity was supplied to the furnace from
transformer TDZF-1002. The required power was
maintained by a thyristor regulator. After the
electric melting, the furnace was cooled for 6-7
hours. The graphite crucible was removed from the

furnace and broken. The resulting ferroalloy was
weighed and analyzed by the atomic absorption
method on the AAS-1 instrument (Germany) to
determine the metals’ content. The ferroalloy
density was determined by the pycnometer
method according to [14]. Then, based on the
density according to [15], the silicon content in the
alloy was determined. Some alloys were analyzed
by means of a scanning microscope (ASS-1N).

To determine the optimal parameters of the
process, the second-order rotatable designs (Box-
Hunter plans) were used [16]. To establish the
regression equations for changing the optimization
parameters, the technique [17] was used, and to
construct the volumetric and horizontal images of
the optimization parameters, the technique [18]
was used. The optimal parameters were
determined by combining the horizontal images in
one figure. This method was described by us in
articles [[19], [20], [21], [22]].

Research results

Table 1 shows the planning matrix and research
results. During the research, the effect of the coke
(K) and steel shavings (St) amount (in % of the
chrysotile-asbestos waste weight) on the extraction
degree of silicon into the alloy (as) and the silicon
concentration in the alloy (Cs;, %) was studied.

Table 1 - Planning matrix and research results

Variables Technological
Coded view Natural view parameters
Ne
X1 X2 Coke, Shjfleislgs, GCsi,% | asi, %
% %
1 + + 43.7 36.5 21.0 | 56.6
2 - + 323 36.5 26.3 | 70.9
3 + - 43.7 19.5 37.0 | 69.3
4 - - 32.3 19.5 39.0 | 73.0
5 ]141 0 46 28 25.6 | 57.9
6 141 0 30 28 30.8 | 69.7
0 1.41 38 40 27.5 | 78.0
0 -1.41 38 16 453 | 76.2
9 0 0 38 28 343 | 79.5
10 0 0 38 28 35.0 | 79.8
11 0 0 38 28 34.6 | 80.0
12 0 0 38 28 354 | 80.4
13 0 0 38 28 35.8 | 80.6
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Using the data from Table 1, we found the
regression equations according to the method [17]:
aSi=-361.43+22.47-K+3.65t-0.272-K*-

0.03-5t?+3.6:K-St; (1)
CSi=-1313.17+8.999-K-0.392-St-
0.116-K*+0.004-5t>-0.017-K-St. (2)

Based on equations 1 and 2, according to [18],
the volumetric and horizontal images of aSi and
Csialioy)=f(K, St) were constructed (Figure 4).

et
5
S

Steel shavings, %
[

=< 16
Sreel shavings, %6 Coke, %

| - volumetric image, Il - planar image

Figure 4 — Effect of coke and steel shavings on the
extraction degree of silicon into the alloy (A) and the
silicon concentration in the alloy (B)

It can be seen that the surface of aSi(alloy) =
f(K, St) has an extremal view with a maximum
(asi=84.5%) at 37.0% of coke and 26.5% of steel
shavings. The extremal view of the surface is due to
the fact that at 36-38% excess coke (when aSi(alloy)
decreases), the electrical conductivity of the
furnace bath increases. To maintain the required
current, the electrodes together with the arc are
moved to the upper horizons of the bath. The
reaction zone also moves up. The throat is heated,
and the filter layer of the charge decreases. As a
result, the loss of silicon with gaseous SiO increases
and aSi(alloy) decreases. It is seen that aSi varies
from 45 to 84.5% (x and y points). aSi(alloy) from
64.6 to 84.5% is achieved at 30-37.0% of coke and
30-40% of steel shavings (shaded area of Figure 4

(I)). The silicon concentration in the alloy varies
from 23.4 to 45.1%. FS45 grade ferrosilicon was
formed at a small amount (<22%) of steel shavings
in a large range of coke (from 32 to 42.5% of coke
(shaded area of Figure 4 (ll)). In the case of 30-46%
of coke and and increased amount of steel shavings
(from 23 to 40%), FS25 grade ferrosilicon was
formed (shaded area of Figure 4 (B)).

To determine the optimal conditions, the
planar asiand Csi images were combined (Figure 5).
The values of technological parameters at the
boundary points of the obtained ferroalloys are
shown in Table 2.
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Figure 5 — Combined information about asiand Cs;

Table 2 — Technological parameters at the points of
Figure 5

Point Technological parameter

FigI:re Coke, |Steel shavings, as, % Cs %
5 % %
t 32.3 16.8 70.0 41.0
a 33.6 18.7 75.0 41.0
b 38.0 20.6 79.0 41.0
d 38.0 16.0 76.6 45.0
e 34.4 16.0 75.0 44,7
f 32.5 16.0 70.0 41.4
u 30.0 29.4 69.4 29.0
K 30.0 40.0 68.6 32.4
n 30.9 40.0 70.0 34.1
z 34.4 40.0 75.3 25.9
X 36.2 40.0 75.0 25.4
y 36.2 35.6 76.7 29.0
m 32.2 32.5 75.0 29.0
h 30.3 30.4 70.0 29.0

In view of the fact that when the amount of
coke is >36-38%, the right side of the Figure 5
surface is practically the same as the left (with a
large amount of coke), it is advisable to consider
the left side of the figure.
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Based on Figure 5 and Table 2, it is possible to
determine the optimal technological parameters
for obtaining ferrosilicon of FS45 and FS25 grades
[23] with different extraction of Si into the alloy. So,
for asi>75%, FS45 with Csi= 41-45% is formed in the
region abde (33.69-36.2% of coke and 16-20.8% of
steel shavings). For as from 70 to 75%, FS45
ferrosilicon with Csi = 41-44.7% is formed in the
region ftac at 32.3-34.4% of coke and 16-18.7% of
steel shavings. FS25 ferrosilicon with aSi(alloy)
275% and Csi = 26.7-29% is formed in the region
mzxy at 32.2-38% of coke and 32.5-40% of steel
shavings. FS25 ferrosilicon is also formed in the
region hnzm. However, in this area, as; decreases to
70%. In this case, the amount of coke can be
changed from 30.3 to 34.4% and the number of
steel shavings from 30.4 to 40%.

Figure 6 shows the ferroalloys obtained from
two charge compositions: 1% charge — 58% of
chrysotile waste, 22% of steel shavings, and 20% of
coke; 2" charge — 63% of chrysotile waste, 23% of
coke, and 14% of steel shavings.

| — ferroalloy obtained from the 1%t charge, Il — ferroalloy
obtained from the 2" charge

Figure 6 — Photos of resulting ferroalloys

The silicon content in the alloy was determined
based on its density (P, g/cm?) by the pycnometric
method according to the equation:

Csi= 252.405-101.849*P+18.209*P2-1.213*P3[15] (3)

Density of the first ferroalloy was 6.4 g/cm?,
and dencity of the second one — 5.47 g/cm3. The
silicon content in the first alloy was:

CSi=252.405-101.849-6.4+18.209-6.42--1.213-6.43 =
24.4% (4)

and in the second alloy:

CSi=252.405-101.849-5.47+18.209-5.472--
1.213-5.473 = 41.6% (5)

The SEM analysis of the first alloy is represented
in Figure 7.

1 2 3 4 5 6 7 8 9
Full scale 4161 imps. Cursor 0.000 keV|
Il
Element Al Si Ti Mn Fe
Weight % 1.21 29.25 0.45 0.31 68.78

| - spectrogram, Il - elemental composition
Figure 7 — SEM-analysis of the alloy

It is seen that the alloy produced from the first
charge composition contains 29.2% of silicon.
Judging by the silicon content, in accordance with
[23], the produced alloys correspond to ferrosilicon
of FS25 and FS45 grades. The obtained ferroalloys
do not contain magnesium. The extraction degree
of magnesium into the gas phase was at least 92-
98%. The rest of magnesium (2-8%) passed into the
slag. For the condensation of magnesium from the
gas phase, it is
Magneterm method [24].

recommended to use the

Conclusion

The results obtained during the electric melting
of chrysotile-asbestos waste allow us to draw the
following conclusions:

- FS45 grade ferrosilicon with the silicon
extraction degree from 75 to 85.4% is formed in the
presence of 33.6-38% of coke and 16-20.8% of steel
shavings;

- FS25 grade ferrosilicon with the silicon
extraction degree from 68.6 to 73.8% is formed in
the presence of 30-38% of coke and 29.4-40% of
steel shavings;

- the main amount of magnesium (92-98%)
passes into the gas phase; the resulting ferroalloys
do not contain magnesium.
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deppoKopbiTna any KaHe ras pasacbiHa MarH1Mi any apKbiibl Xpusotun-acbecr
OHAiPICiHIH, KanAbIKTapblH 3N1EKTPOTEPMUANDbIK 6HAeY

'Akbin6ekos E.E., 'Llesko B.M., 2Aiitkynos A.K. *Kaparaesa I.E.

1M.3ye308 ameiHOarbi ORmycmik KazakcmaH yHusepcumemi, LLibimkeHm, KazakcmaH
2KazakcmaH Pecny6auKacbiHblH MUHepanobiK WuKizammel KeweHOi Kalima eHoey #eHiHOe2i ynmmelK opmansifel, Aamamel, Kazakcmax

TYWIHAEME

Makanaga «KoctaHait muHepangapbl» AK Xpu30oTun-acbecT eHAiPICiHiH, KanabIKTapblH KanTa
eHAey OoMbIHWA 3KCNEPUMEHTTIK 3epTTeynepaiH, HaTukenepi KentipinreH. XpusoTun-acbect
OHAIPICIHIH,  KaNablKTapblHAaH  MarHWA  MeH  KpeMHWiAi  $eppoKopbITiaHbl  anyablH,
SN1IEKTPOTEPMUANBLIK TEXHONOIMMACHI YCbIHbINADI. AnblHFaH KOpbITNanapAblH, TEeXHONOTMUANDbIK
napameTpsiepiHe KOKC NeH 60/1aT KOHKanapbl Me/LWEpPiHiH 3cepi aHbIKTanabl. Xpusotun-acbect
OHAIPICIHIH,  KanabIKTapblH TangayaplH,  AepuBaTOrpammacbl MeH pacTp/iblK  3NEKTPOHAbI

Makana kengi: 23 kapawa 2022 MMKPOCKOMMACHI YCbIHbIAFAH. 3epTTeynep eKiHwWi peTTi aHanamans! skocnapaapapl (bokc-XaHtep
CapantamagaH eTTi: 24 kaHmap 2023 JKOCMapbl)  KO/MZaHa  OTbIpbIM,  3KCMEPUMEHTTEPAI  Kocmapnay  aAiciMeH  Kyprisingj,
Kabbnganapl: 22 aknaH 2023 TEXHONOTUANBIK, NapameTpnepai rpaduKkanblk OHTaMNaHAbIPY KaHe 6ip 31eKTpoATbl AoFasbl

neLwTi KongaHa oTbipbin, rPaduTTi TUrenbae 3NEKTP 6anKbITy. XpU30TUA-achbecT KanaplKTapbiHbIH,
MaccacblHaH KPEMHUIMAI KOpbITNafa any [9PEeXeciHe KoHe KPeMHWI KOopbITnacbiHAafbl
KOHLLEHTpaLMAFa KOKC NeH 6onaT OoHKanapbl MenwepiHiH, acep eTyiHiH, 6apabap perpeccus
TeHaeynepi anbiHApl. LLMXTaHbl 3aneKTpMeH 6anKpITy apKblibl KypamblHaa 24,4-29,2% KpemHuii
6ap ®C25 mapkanbl cypbInTbl Ppeppocunuumii kaHe 41,6-45% kpemuuiti 6ap ®C4A5 mapKanb
deppocuanumnin anbiHapl. PC45 mapkansl Peppocuanumin ofaH ety aspexeci 75-teH 85,4% - fa
Aenin Si 33,6-38% KoOKc kaHe 16-20,8% 60s1aT »KOHKANapbIHbIH, KaTbicybiMeH Tysineai. $C25
MapKanbl Peppocnnnumii, ofaH ety gapexeci 68,6-73,8% kKpemHuii 30-38% KoKc KaHe 29,4-40%
6onaT OHKanapbl KesiHae Tysineai.

TyiiiH ce30ep: Xpu30TUN-acbecT KanablKTapbl, KOKC, 601aT XOHKanapbl, aiHaiMasbl }ocnapnay,
3neKTp 6anKkbITy, foFa newi, peppocunnumin
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AHHOTALUMUA

B cTaTbe NpUBOAATCA pe3ynbTaTbl IKCNEPUMEHTA/IbHLIX UCCIef0BaHUA No nepepaboTke 0TXOL0B
xpusotun-acbectosoro npoussogctBa AO  «KocraHaiickue — MuHepanbi».  MNpeanoxkeHa
3/71EeKTPOTEPMMYECKAn TEXHONOTUA U3BNEYEHUA MArHUA U KPEMHUCTOTO GbeppocniaBa U3 OTXOA0B
Xpn30Tua-acbectoBoro npovssoAcTsa. OnpeaeneHbl BAUAHWE KOAMYECTBA KOKCA M CTanbHOM

CTPY)KKM HQ  TEXHO/MIOTMYEeCcKMe  napameTpbl  MOJIYYEHHbIX  CMIaBOB. MpepacTasneHsbl
JepuBaTorpamma W pacTpoBas 3/NEKTPOHHAA MMUKPOCKOMMA aHanM3a Npob OTX0[0B XPU3OTUA-
Moctynuna: 23 HoAbps 2022 acbectoBoro  Npov3BOACTBA. WccnepoBaHmAa  MpoBOAMAUCL  METOAOM MAAHMPOBAHMA
PeueHsnpoBaHwue: 24 aHeapa 2023 3KCMEPUMEHTOB C MCNOAb30BaHMEM poTOTabenbHbiX NAaHOB BTOPOro nopsgka (nnaH Bokca-
MpuHATa B nevatb: 22 ¢espasnsa 2023 XaHTepa) C wccnegyowen rpaduyeckor ONTUMM3aUMEN TEXHONOTMYECKMX MNapameTpos

M 3N1EKTPONNABKOW LUNXTbl B rPAadUTOBOM TUI/IE C UCNOIb30BAaHUEM OLHO3/EKTPOAHON AyroBov
neuu. MonyyeHbl afieKBaTHble YpaBHEHWA Perpeccuii BAMAHMA KOAMYECTBA KOKCA WU CTasibHOWM
CTPY!KKM OT Maccbl XpU30TuUA-acbeCcToBbIX OTXOA0B HA CTeNEeHb U3BNEYEHUA KPeMHUA B CNaB U
KOHLLEHTPaLMIo B CNaBe KpeMHUA. INeKTPONIABKOM WMXTbI MOy4eH COPTOBOW heppocuanLuii
mapok ®C25 c cogepxaHnem KpemHua 24,4-29,2% wn ®C4A5 c copepxaHnem Kpemuua 41,6-
45%. ©eppocnnnumii mapku ®C45 co cTeneHbto nepexoaa B Hero ot 75 Ao 85,4% Si obpasyetca B
npucytcteum 33,6-38% Kokca u 16-20,8% cTanbHOM CTPYKKU. Peppocunnumii mapkm dC25 co
cTeneHblo nepexoga B Hero 68,6-73,8% Kpemuusa obpasyetcs npu 30-38% Kokca u 29,4-40%
CTa/IbHOW CTPYXKKMK.

Kniouyeeble cnoea: xpu3oTui-acbecToBble OTXOAbl, KOKC, CTa/ibHas CTPY)Ka, poToTabesnbHoe
NAaHWPOBaHMWe, 3NEKTPONIABKa, Ayrosas neub, GeppoCcUIMLMii.
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ABSTRACT

Due to limited reserves of bauxite, nepheline can be used in the industrial production of alumina
in Kazakhstan. The most promising deposit is the nepheline syenites of the Kubasadyr deposit.
Currently, there is no effective technology for processing nepheline ores. High energy intensity,
capital intensity, and significant emissions into the atmosphere are the main drawbacks of the
conventional technology of nepheline ore processing by the sintering method. Efficient
hydrochemical processing of nepheline requires pre-enrichment with the separation of a part of
silica. According to the existing technology of chemical enrichment in an alkaline solution at a
temperature of 280°C, the silica extraction degree is no more than 36%. A pre-roasting at 500°C is
used to increase the extraction rate of silica and this process permits an increase in the extraction
rate to 65%. The paper presents the results of the chemical activation of nepheline syenites in a
solution of sodium hydrogen carbonate. The optimum conditions of activation are determined.
Activation at a temperature of 280 °C resulted in a change in the phase composition of the
feedstock and increases the degree of silica extraction up to 65.5%. The results obtained showed
the possibility in principle of using hydrochemical enrichment technology for the resulting high-
quality nepheline concentrate and replacing the energy-intensive roasting process.

Keywords: nepheline, enrichment, preliminary activation, silica, alumina.
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Introduction

The global aluminium

industry is growing

Nepheline is processed in the world only in
Russia, Canada, and Norway [11].

Large accumulations of non-bauxite aluminium
raw materials have been identified in Kazakhstan.

dynamically and is one of the leaders in the
production of construction materials [[1]], [[2]].
The traditional source of aluminium is bauxite.
However, their quality reserves are limited and the
currently known reserves will be exhausted within
the next 20 years and the reserve base will be
adequate for not more than 25 years [3]. This has
led to a search for alternative sources.
Aluminosilicate minerals such as kaolins or
nepheline and others can be considered as such

[[411, [5], [6], [7], (8], [9], [[10]].

These are high alumina minerals: nepheline of
alkaline, ultrabasic and granitoid rocks. There are
three main varieties of rocks rich in nepheline:
nepheline rocks of alkaline or ultrabasic massifs,
nepheline-leucite rocks of alkaline-basic massifs,
and nepheline syenites of massifs of alkaline
granitoids [12].

Several dozens of nepheline rock massifs are
known in different regions of Kazakhstan:

- Kosistek in Western Kazakhstan;
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- Yesil, Kentassk, Derzhavinsk, Karsakpai, and
Shynsai in Central Kazakhstan;

- lrisu, Mashat, Badam, Kulandinsk in
Southern Kazakhstan;

- Semeytausk in Eastern Kazakhstan.

The geological reserves of alumina raw materials
at the above deposits are huge and counted in
billions of tonnes of complex ores, by category C2 -
over 500 million tonnes. At the present stage of
exploration, the largest, well-studied is the Yesilsk
massif of the Kubasadyr nepheline-leucite syenite
deposit, which is represented by two sections:
Ashchilisai and Taskuduk. The intrusive is located in
a large deeply eroded caldera of an Early Devonian
stratovolcano, confined to the intersection of two
deep faults of northwest and northeast directions.
The host rocks are metasomatically reworked
nepheline syenites [12].

Reserves of alumina raw materials in category
C2 total 239 million tons in two areas, but there is no
production of their processing. To organize the
production of nepheline processing in Kazakhstan, it
is necessary to develop an effective technology that
takes into account the peculiarities of the mineral
composition of raw materials.

The information used to define industrial
mineral quality relates to consumer specifications:
minimum SiO,;, maximum Fe,0s, or whiteness,
among others [13].

Sintering or hydrochemical methods can be used
for nepheline processing. Sintering nepheline with
limestone at 1200 °C decomposes it to form sodium
and potassium aluminates and a two-calcium
silicate. However, this process is very energy and
capital-intensive.

Potentially, the processing of 1 million tons of
ore could produce 150 thousand tons of alumina on
existing technologies, by the way, to get 1,7 million
tons of cement, 70 thousand tons of soda, and 100
thousand tons of sulphuric potash. The production
requires 2.5M tonnes of limestone, with capital
costs of about S1bn.

There have been studies of nepheline sintering
at lower temperatures, e.g. sintering with an excess
5-10 % of sodium carbonate at 760-880 °C for 1.0-
1.5 h. Such processes would provide high Al
extraction, and the high energy consumption and
CO, footprint that derive from the thermal
treatment step are of great concern [14].

Given the negative attitudes in the world
towards the sintering process due to high carbonate
emissions into the atmosphere, hydrochemical
technologies are preferable.

In the hydrochemical process, the nepheline is
decomposed by an alkaline solution in the presence
of lime in autoclaves at a temperature of 280°C.
Under these conditions, sodium and potassium
aluminates pass into the solution and silica remains
in precipitation in the form of sodium-calcium hydro
silicate. High aluminium recovery is achieved at
Na,O content in the solution of 400-500 g/dm?3.

The hydrochemical method is characterized by a
high alkali turnover, which predetermines a
considerable heat consumption for solvent
evaporation. However, in contrast to the sintering
process specific material losses of solutions and heat
consumption per tonne of Al,Os; do not depend
much on the solid phase (SiO, + Ca0), i.e. on the
silicon ratio of raw materials (SiO2: Al,O3). During
sintering, the specific fuel consumption per tonne of
Al,Os is almost proportional to the silicon ratio. This
implies that the hydrochemical process is of interest
for processing alkaline silica-rich aluminosilicate
rocks and the profitability of production should
increase as the quality of aluminosilicate raw
materials deteriorates.

Nepheline syenite is also processed by acid
treatment [15].

There are also technologies of combining the
hydrochemical method with chemical enrichment,
roasting, and others [[16], [17]].

Chemical enrichment of nepheline is used to
reduce its silica content, leading to a reduction in the
flow of raw materials for further processing in
alumina production.

Chemical enrichment is carried out in an alkaline
solution containing 240 g/dm® Na,O at a
temperature of 280°C and a duration of 40 minutes
[16]. Under these conditions, the degree of silica
extraction into the solution of 38.6% was obtained.
To increase of efficiency of chemical enrichment
offered to carry out preliminary activation of
nepheline by roasting with the steam-air mixture at
a temperature of 500°C [17]. As a result, the degree
of silica extraction is increased to 60.0-65.0%.
However, roasting is an energy-intensive process.

In the conducted research to increase the
efficiency of the enrichment process, the possibility
of pre-chemical activation of nepheline syenites of
the Kubasadyr deposit in a solution of sodium
hydrogen carbonate has been studied.

Preliminary chemical activation of raw materials
in a solution of sodium hydrogen carbonate leads to
a change in the phase composition, which will allow
for obtaining higher values for further processing
[[18]], [19], [20].
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Preliminary chemical activation was tested in
the processing of low-quality gibbsite-kaolinite
[18], waste products [19], and semi-products of
ferrochrome production [20], and ash and showed
high results.

Experimental part

X-ray fluorescence analysis of the chemical
composition was carried out on a Venus 200-wave
dispersion spectrometer (PANalytical B.V., Holland).

Chemical analysis was performed on an optical
emission spectrometer with inductively coupled
plasma Optima 2000 DV (USA, Perkin Elmer).

Semi-quantitative X-ray phase analysis was
carried out on the D8 Advance diffractometer
(BRUKER) using Cu-K radiation at an accelerating
voltage of 36 kV, current 25 mA.

Chemical activation of nepheline syenites was
carried out in a solution containing 120 g/dm?3
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NaHCOs; at an L: S ratio of 3 and a temperature range
of 120 - 280 ° using a thermostatically controlled unit
with 6 autoclaves rotating through the head, with a
working volume of 250 cm?® and activation time 90
minutes. The maximum sodium hydrogen carbonate
content in the solution was 120 g/dm?3, taking into
account its solubility limit.

Chemical enrichment was carried out in an
alkaline solution containing 240 g/dm3 Na,O at a
temperature of 280°C and a duration of 40 minutes.

Results and discussion

Physical and chemical studies of the material
composition of nepheline syenites of the Kubasadyr
deposit were carried out.

Chemical composition of the initial sample, mass
%: Al,Os — 17,77; SiO, — 48,37; Fe;03 — 3,18; CaO —
2,89; Na,0 —4,24; K,0 -5,34; MgO - 0,34; C| - 0,3.

The phase composition of the initial sample is
shown in figure 1 and table 1.

| N318
| 1 PDF 00-019-0932 Microcline, intermediate KAISi308 43,2%
| 2 PDF 01-070-3752 Albite (Na0.98Ca0.02)(Al1.025i2.9808) 15,4%
| 3 PDF 01-072-7390 Nepheline K1.6Na6(Al7 49Si8 51032) 12,0%

4 PDF 00-058-2035 Muscovite-2M1 KAI2(Si A4O10(0H)2 7.1%

5 PDF 01-082-8676 Andradite luminian Ca3(Fe1.42A10.56)(SiO4)3 6,8%
| 6 PDF 00-020-0734 Ferro-fen ramite Na2CaFeS5AI2Si6022(0OH)2 5.9%
1 7 PDF 00-010-0173 Corundum, syn Al203 5,7%
| 8 PDF 01-073-6448 Analcime-1Q NaAl(Si206) 3,8%
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Figure 1 - X-ray diffraction pattern of nepheline

Table 1 — Phase composition of nepheline

Composition
Components Components %
Microcline KAISizOs 43.2
Albite (Nao.98Cao0.02)(Al1.02Si2.980s) 15.4
Nepheline K1.6Nae(Al7.49Sis.51032) 12.0
Muscovite- KAI2(Si,Al)a010(OH)2 7.1
Andradite, Cas(Fe1.42Al0.56)(Si04)3 6.8
Ferro-ferri-taramite NazCaFesAl2Sis022(0H)2 5.9
Corundum, Al,O3 5.7
Analcime-1Q NaAl(Si20e) 3.8

—— g4 ——
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Table 2 - Phase composition of nepheline syenite samples depending on the temperature of chemical activation

Activation Composition
temperature, °C
Components Formula %
120 Microcline, intermediate KAISizOs 40.1
Albite (Nao.9sCao.02)(Al1.02Si2.9808) 17.5
Nepheline K1.6Nae(Al7.49Sis.51032) 13.1
Corundum, syn Al20s 7.7
Andradite, aluminian Cas(Fe1.42Al0.56)(Si04)3 3.8
Ferro-ferri-taramite NazCaFesAl2Sis022(0H)2 6.9
Muscovite-2M1 KAI2(Si,Al)4010(OH)2 6.6
Analcime-1Q NaAlI(Si20e) 4.4
150 Microcline, intermediate KAISi3Os 34.6
Albite (Nao.9sCao.02)(Al1.02Si2.9808) 18.8
Nepheline K1.6Nae(Al7.49Sis.51032) 16.3
Ferro-ferri-taramite NazCaFesAl2Sis022(0H)2 7.0
Corundum, syn Al20s 6.9
Muscovite-2M1 KAIz(Si,Al)4010(OH)2 6.4
Analcime-1Q NaAlI(Si20e) 6.3
Andradite, aluminian Cas(Fe1.42Al0.56)(Si04)3 3.8
200 Microcline, intermediate KAISi3Os 33.4
Albite (Nao.9sCao.02)(Al1.025i2.980s) 18.2
Nepheline K1.6Nas(Al7.495i8.51032) 15.7
Andradite, aluminian Cas(Fe1.42Al0.56)(S5i04)3 4.2
Ferro-ferri-taramite NazCaFesAl2Sis022(0H)2 6.8
Corundum, syn Al203 6.7
Muscovite-2M1 KAI2(Si,Al)4010(OH)2 6.1
Analcime-1Q NaAl(Si20¢) 6.1
280 Albite Nao.o86Al1.005Si2.99508 31.5
Microcline, intermediate KAISizOs 15.3
Nepheline NaAISiOs 14.1
Calcium iron(ll) Aluminum oxide CasFe1sAl17.67032 13.1
hydrosodalite, hexasodium Nas(AlSiOs)s(H20)s 9.8
Calcium Iron Oxide CazFe20s.12 7.3
Ferro-tschermakite CazFesAl2(SisAl2)022(OH)2 6.6
Analcime-1Q NaAlI(Si206) 2.3

The phase composition of nepheline syenite
samples depending on the temperature of chemical
activation is presented in table 2.

During chemical activation depending on
the temperature, there were changes in the phase

composition of nepheline syenites: almost three
times less microcline content; two times more albite
content, hydro sodalite, calcium-iron oxide and
analcite phases were formed, and the andradite and
corundum phases disappeared (figure 2).
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Figure 2 - Dependence of the change in the phase composition of nepheline syenites on the temperature
of chemical activation

The influence of temperature of preliminary
chemical activation of nepheline syenites on the
degree of SiO, extraction at enrichment is
investigated. It was shown that with increasing
activation temperature the degree of extraction of
silica in the solution increases (figure 3).

At an activation temperature of 280°C, the SiO;
extraction rate during enrichment was 65.5 %. As a
result of enrichment, the nepheline concentrate is
received, composition wt.%: Al,0;3 — 28.6; SiO, —
50.293; Fe;03 —5.08; CaO —2.89; Na,0 - 6.79; K,0 -
4.74; MgO - 0.54.
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Figure 3 — SiO2 extraction rate

Conclusions

Studies on the chemical activation of nepheline
syenites of the Kubasadyr mine were conducted.

The obtained degree of enrichment of nepheline
after preliminary chemical activation in a solution of
sodium hydrogen carbonate is comparable with the
degree of enrichment obtained after activation by
pre-firing with the steam mixture at 500°C.

These results show the possibility in principle of
obtaining high-quality nepheline concentrate, but
require further research and refinement involving
other techniques.

At chemical enrichment of nepheline syenites,
the degree of extraction of silica is low (36%). As a
result of pre-activation, the degree of extraction of
silica in the solution reaches 65%.

During chemical activation depending on the
temperature, there were changes in the phase
composition of nepheline syenites: almost three
times less microcline content; two times more albite
content, hydro sodalite, calcium-iron oxide, and
analcite phases were formed, and the andradite
and corundum phases disappeared.

The results show the basic possibility
ofobtaining high-quality nepheline concentrate, but
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require further research and refine
other techniques.
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Hedenunpgi 6aibiTyra geninri angblH ana 6enceHpgipy
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TYAIHAEME

KasaKkcTaHaa antloMUHUI TOTbIFbIH ©HEPKACINTIK eHAipy canacbiHAafbl baliep GOKCUTTEpiHiH,
LIeKTeyNi KOPAAPbIHbIH, CangapblHaH BOKCUT emec WKKi3aT-HebennHaepai naaanaHyfa 6onagpl.
Hefyp/abim NepcrnekTUBanbl KeH OpHbl Kybacaaplp KEH OpHbIHbIH, HedbenuHai cneHuTTepi 60abin
Tabbinagpl. Kasipri yakbitta HebenuH keHaepiH eHaeyaiH, TUiMAI TeXHONOruAChl oK. Kofapbl
3HEprus CbIMbIMAbINbIFbI, KANUTan CbIMbIMAbINbIFbI XKaHe aTmochepara eneyni WbifapbiHAbIIAP
HebennH KeHaepiH nicipy TaciniMeH eHAeyAiH, *Kannbl KabbingaHFaH TEXHONOTMACBIHbIH, Heri3ri
KemLiniktepi 6onbin  Tabblnagbl. HedenuHpepai TMIMAI  TMAPOXMMUANBIK  ©HAEY  YLWiH
KpemHe3seMHiH, 6ip 6eniriH 6enin any apKblibl anabiH ana 6aibiTy KaxeT. KongaHbictasbl CinTini
epiTiHgige 280 °C TemnepaTypaga XMMMUANbIK 6aibITy TEXHONOMUACbIHA COKEC KpemHe3emai any
aspeskeci 36 %-gaH acnaigbl. KpeMHWIn TOTbIFbIH any AapexeciH apTTbipy ywid 500 °C
TemnepaTtypasa anfblH ana Kyiaipyre KongaHolnagpl, *KaHe O6yn aKcTpakuma aaperkeciH 65 %-fa
OeWiH apTTbipyFa MYMKiHAIK 6epeani. Makanaga HaTpuit ruapokapbOoHaTbiHbIH, epiTiHAiciHAer
HedeNnHAi CUEeHUTTEPAiH, anfblH ana XMMUANbIK BenceHainiriHiv, HatTwxkenepi 6epinreH.
BenceHaipyai, oHTalnbl WapTTapbl aHbiKTanasl. 280 °C TemnepaTypachl KesiHgeri 6enceHainik
6acTankbl WKKI3aTTbIH, $pa3anblk KypamblHbIH ©3repyiHe anbin Kengi XaHe 65,5 % 6aiibiTy KesiHae
KpemHesem any AapexeciHae angapl. ANbIHFaH HaTUXKelep aNblHFaH Kofapbl cananbl HepenuHai
KOHLLEHTPATbI YLWiH FMAPOXMMUANBIK 6albITy TEXHONOTUACBIH KONAAHYAbIH, YKOHE SHEPrUAHbI Ken
Ka)KeT eTeTiH Kyiaipy NpoueciH aybICTbIpyAblH Tybereini MyMKiHAIriH KepceTTi.

TyliiH ce30ep: HedenuH, 6aibITy, anapiH ana 6enceHaipy, KpeMHUM TOTbIFbI, ANFOMUHWUIA TOTbIFbI
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AHHOTALUMUA

Bcneactsue orpaHuYeHHbIX 3anacoB  6HaliepoBckuMx 6GOKCUMTOB B chepy NPOMbILLAEHHOO
NpOu3BOACTBA rAMHO3emMa B Ka3axcTaHe BO3MOMKHO MCMO/b30BaHWe HEBOKCUTOBOrO ChbipbA —
HedenmHoB. Hanbonee mepcreKkTMBHLIM MECTOPOXAEHUEM ABASETCA HedennHOBble CUEeHUTbI
Kybacagblpckoro mecTopoxaeHua. B Hactoswee Bpems, He cywectByeT 3¢pdeKTUBHOM
TEXHONOTMU NepepaboTkn HedennHoBbIX PyA. BbiCOKas 3HEProeMKOoCTb, KanuTaNoeMKOCTb U
3HauMTeNbHble BbIBPOCHI B aTMochepy ABAAIOTCA OCHOBHbIMU HELOCTAaTKaMU OBLLEeNpPUHATOM

Moctynuna: 20 dekabps 2022 TEXHOMOTUW nepepaboTkn HedennHoBbIX pya cnocobom cnekaHua. [aa  sddeKkTuBHON
PeueHsupoBaHue: 22 sHeaps 2023 rMapoXMMmnyecko nepepaboTkm HedbenuHos TpebyeTca npepsaputensHoe oborauieHne c
MpuvHaTa B nevatb: 27 ¢pespana 2023 oTAeNeHMem YacTu KpemHesema. Mo cyliecTBytoLen TEXHONOMMM XMMUYeckoro oboralleHus B

Leno4HoM pactsope npu Temneparype 280°C cTeneHb W3BNEYEHUA KPEMHE3EMA COCTaBASIET He
6onee 36%. [lna NOBbIWEHUA CTENEHW U3BNEYEHUA KPEMHE3EMA UCNONb3YIOT NPEABapPUTENbHbIN
063kur npu 500°C, KOTOpbIA MO3BOAAET MOBLICUTb CTeneHb M3BiedeHMs 0 65%. B craTbe
npeAcTaBfeHbl pesynbTaTbl NpeABapUTEbHON XMMUYECKONM aKTUBaLMK HedeSIMHOBbIX CUEHUTOB
B pacTBope ruapokapboHaTta HaTpuAa. OnpepeneHbl ONTUMabHble YCNOBUA aKTUBALMW.
AkTuBaums npu Temnepatype 280 °C npusena K M3meHeHuto $pasoBoro cocTaBa MCXOLHOIO Cbipbs
1 NONYYUTb CTENEHb U3BJIEYEHNA KpeMHe3ema Npu oboraleHun 65,5%. MonyyeHHble pesynbTaTbl
NoKasanu NPUHUUNUANBHYIO BO3MOMKHOCTb MPUMEHEHUA TUAPOXMMUYECKOW TEXHONOTUU
oborawieHVa A8 NONYYEHHOTO KayecTBEHHOro HedesIMHOBOrO KOHLEHTpaTa W 3aMeHWUTb
3HeproemMKuii npouecc obura.
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ABSTRACT

Corrosion protection coating is one of the most common ways of protecting structures against all
kinds of negative external influences. Various types of anti-corrosion coatings can be used to
successfully extend the service life of products. However, conventional paints are not water-
resistant coatings, and small cracks always appear over time due to temperature fluctuations.
Compared to other types of coatings, acrylic coatings are less expensive and just as durable. Acrylic
resins have high anti-corrosion properties as well as water resistance, impact resistance, good
adhesion to the substrate and overall durability. This powerful combination of cost and
performance makes acrylic coatings such a popular and sensible solution for protecting structures
against corrosion. The main purpose of this review is to describe the different types of acrylic resins
and compare their properties, synthesis and drawbacks. It is expected that this work will be the
cornerstone for the future development of acrylic resins.

Keywords: acrylic resins, corrosion, anti-corrosion coatings.
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Introduction

Over the past decades, many effective methods
have been developed to reduce or minimize various
types of corrosion [1].

Coatings today are one of the most effective
methods of corrosion protection for both metal and
non-metal surfaces [[2], [3]].

For high anti-corrosion protection, coatings
should be: with high mechanical characteristics,
good adhesion, durability and low moisture
permeability.

Acrylate polymers have high transparency [4],
good adhesive properties [5], a number of monomer

species [6] and high mechanical strength, and
therefore have aroused great interest.

Acrylic resin coatings (ARCs) are a reliable anti-
corrosion tool as they are resistant to adverse
weather conditions and are therefore used to
control atmospheric corrosion. Such coatings are oil
resistant and have high mechanical strength [7].

Acrylic resin is made from water-based acrylic
polymers by solution or suspension polymerization;
therefore, when used, it may be liquid or solid. It has
been designed to minimize the dispersion and
release of hydrocarbons; thus, reducing the content
of volatile organic substances. The ingredients used
to crosslink the acrylic resin determine the

— 90 ——
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properties of the anti-corrosion agent used for the
coating. The aim of the present review is to describe
the best technology to protect metal from corrosion
based on different acrylic resins to produce
anticorrosion coating.

Properties, advantages and application of
acrylic coatings

Acrylic coatings have the following protective
properties:

» Transparent, glossy appearance and color
stability;

» Relatively good resistance to weathering,
chemicals, heat and solvents;

= Efficiency and flexibility;

» Excellent physical hardness and good
adhesion;

* Fast drying and the ability to apply the
pigment at ambient temperature.

Excellent resistance

to corrosion and humidity

High durability Cost-effective

S

Fastdrying < Advantages of acrylic coatings ————>  Easy application

/

Chemical resistance

3 Good adhesion

Excellent physical hardness

and good adhesion

Figure 1 — Advantages of Acrylic coatings
((8], 9], [10], 11]].

Advantages of acrylic coating are illustrated in
Figure 1. Acrylic resins have properties such as gloss
retention [8], color retention [9], heat resistance
[10] and corrosion resistance [11], so due to these
properties, they are widely used in industry. They
are used in automotive coatings and architectural
coatings.

There is an acrylic urethane coating that has a
high solids content and is used for auto repair work.
This coating was made from acrylic and methacrylic
and is a clear coat that cures at room temperature
and exhibits very good overall performance [12].

Acrylic was also able to find application for the
protection of museum items and monuments [13].

Acrylic resins are self-cleaning and therefore
have found use in automobiles, buildings, and self-

cleaning windows, which were synthesized to
prevent or remove dirt by Yang et al [14].

In addition, acrylic resins are used as a
protective material for paper, wood, ceramics, and
glass [15].

But it is worth noting that its quality also
depends on the composition of acrylic coatings. For
example, if fillers are included in the composition of
such coatings, this will increase their strength. If
these fillers are properly dispersed in internal
structures, they occupy micropores and this reduces
the paths through which corrosive electrolytes pass
through the coatings. Many coatings are compatible
with fillers - barite, dolomite, silicon dioxide and
others. But there are problems such as choosing the
appropriate filler that is suitable for many inorganic
and organic coatings.

Waterborne acrylic resins

Waterborne acrylic base coating as a single coat
is used in various fields on account of its interesting
properties such as high resistance to weather and

different solvents as well as their excellent
appearance [16].
Water-based acrylic resins in most cases

copolymerize with acrylic, methacrylic acids and
their esters, and their properties are adapted by
adjusting the composition and ratios of different
monomers as well as the structure of the starting
materials.

There are several ways to synthesize water-
based acrylic resin, which include emulsion, solution
polymerization, bulk and suspension
polymerization, emulsion polymerization being the
most used. Synthesis occurs with monomers, water,
emulsifiers and initiators [17].

Water-based acrylic resin, reacting with the
appropriate filler, forms a solid mass, which in a
short time reaches mechanical characteristics
several times higher than classic water-based
products. 50% mechanical performance is achieved
after 15 hours at around 20°C. The acrylic system can
be filled with iron oxide pigments, aluminum
powder or various inert fillers to give the product the
desired appearance. The addition of various fillers
proportionally reduces the mechanical properties of
the product.

Water-based coatings have greater advantages
than coatings based on organic solvents [[18], [19],
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[20], [21], [22], [23], [24], [25], [26]]. Such water-
based coatings have low toxicity, are fire-resistant,
and are environmentally friendly, which has
attracted attention in the industry [[27], [28], [29],
[30]]. Such coatings are increasingly used in the
construction and paint industry, in metal and
wooden coatings in order to reduce the emission of
harmful substances [31].

But such coatings have a number of
disadvantages, such as low chemical resistance and
low water resistance, poor thermal stability, and low
mechanical properties, despite this, water-based
acrylic resins have become commercially available in
recent years [32]. Applying modification and
compounding can eliminate these shortcomings.

Water-based acrylic resins have a number of
excellent characteristics and is applied in various
aspects of production in connection with
environmental protection. Such coatings are also
used in the automotive industry, in the production
of furniture and plastic parts, as well as in the anti-
corrosion treatment of metals [17].

Acrylic coatings with various nanofillers

Nanoscale materials like TiO,, SiO,, ZnO and
Fe;05; are used to create hybrid organic coating
systems [[33], [34], [35], [36], [37]]. When using
mixed nanoparticles, it entails a synergistic effect
and, in addition, improves some properties of the
polymer. But, due to the high surface energy of
nanoparticles, it allows easy agglomeration in some
solutions [38]. In order to reduce the effect of the
two-phase interface and to increase the stability and
compatibility of nanoparticles in various media,
modification of nanomaterials is required. Most
researchers have found that the addition of
nanoparticles can improve polymer characteristics
[33-37], however, further research is needed on the
synergistic effect of mixed nanoparticles and the
improvement of polymer properties.

In studies of polymer and coatings, it was found
that if such nanoparticles as TiO; [[39], [40]], ZnO
[[41], [42]], FesO4 [43], SiO, [44], as well as their
nanohybrids [[45], [46], [47]], then this, in addition
to improving the various properties of the coating,
also give new functions. For example, if a SiO;
nanoparticle is added to the coating composition,
this will improve the mechanical and thermal
properties, as well as the anticorrosion properties of

the organic coating [[48], [49], [50], [51], [52], [53]].
In addition, such nanoparticles were used for
superhydrophobic [[54], [55], [56], [57], [58]] and
hydrophilic coatings [59].
Acrylic polyurethane coating reinforced by
sioz nanoparticles

SiO2 nanoparticles are synthesized by such
methods as the steam method, the sol-gel method,
and the thermal decomposition method [[60], [61],
[62]]. In such methods, tetraethoxysilane and
tetramethoxysilane are used as precursors in order
to obtain SiO; nanoparticles. Such precursors make
it possible to control the size, shape, and purity of
SiO, nanoparticles. However, the finished material
has a high cost and is not an environmentally
friendly process. Recent works have suggested more
environmentally friendly approaches to obtain
nano- SiO; using agricultural waste [[63], [64], [65],
[66], [67]]. For example, rice husk is an agricultural
waste that contains a large amount of silica (about
80-90 wt. %) [68]. Therefore, the use of rice husks
to produce nanosilica has a high potential, since it is
an environmentally friendly and cost-effective
production, which, in addition, demonstrates rather
high mechanical characteristics.

If the content of nanoparticles was increased
from 0 to 2.5%, then this improved the mechanical
performance as well. But, a higher addition of RHA-
SiO, caused a decrease in mechanical properties.
Many holes of different diameters from 20 nm to
several microns appeared on the surface of the
coatings and inside (without nano RHA- SiO,), but
the coating with 2.5 wt. % nano-GW- SiO, degraded
less [69].

In the range of 200-400 nanometers, RHA- SiO,
nanoparticles have high UV absorption. The
nanocomposite coating is characterized by higher
UV absorption compared to the pure one.
Therefore, this suggests that if the nanocomposite
contains nano-RHA- SiO,, then this will scatter UV
light and protect the half-dimensional matrix from
the harmful effects of UV radiation. In acrylic
polyurethane coatings, the photoprotective effect of
RHA-SiO, nanoparticles is the same as in acryl
melamine automotive varnishes [70].

The RHA- SiO, nanoparticle works like:

1) UV protector
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2) as a nanofiller that screens and prevents the
penetration of aging agents into the coating from
the external environment.

This is evidence that such nanocomposite
coatings are weather resistant.

Acrylic resin coating modified by
functional graphene oxide

Carbon nanotubes (CNTs) are one of the most
studied materials in recent years. CNTs are widely
used in water treatment, biology, sensors, thin film
transistors, and so on [71].

2 functional graphene oxide (FGO) was obtained
by modifying the surface of graphene oxide (GO)
with y methacryloxypropyltrimethoxysilane (KN-
570), then with acrylic nanocomposites with
different loadings of GO and FGO. This is necessary
in order to improve the dispersion and strength of
the filler-matrix interface in acrylic resins [72].

To ensure that the coating effectively protects
the substrate from the external environment and for
good decorative properties, it is necessary that its
adhesion to the given substrate is adequate. An
adhesion tester is used to test the adhesion of a
coating. It was maximum when the content of GO
and FGO was 0.08 wt.%, since GO has a large specific
surface area. With a small amount of GO, the surface
energy of nanocomposites increases. Adhesion with
FGO increased more than with GO. By adding FGO,
the crosslink density increases, and the coating
forms a 3-dimensional structure, and this leads to an
increase in adhesion [73]. However, when adding
GO and FGO more than 0.08 wt.%. adhesion is
reduced. This manifestation may be due to the high
agglomeration of nanoparticles, which led to the
separation of the organic and inorganic phases and,
therefore, GO and FGO do not play a significant role
in adhesion [72].

Composites with both the addition of GO and
the addition of FGO showed a high improvement in
hardness. With the addition of 0.08 wt.% FGO and
GO hardness increased by 64% and 41%. This
phenomenon may be due to 2 reasons. The first
reason is that GO has high mechanical properties.
GO reduces the degree of surface deformation since
it is well dispersed in the matrix resin. The second
reason is that particles can be connected by
different macromolecular chains and form physical /

chemical crosslinks if a small amount of GO is added
to the acrylic resin [74].

There was a comparison of the chemical
resistance, water resistance, acid resistance, and
alkali resistance of the nanocomposite coating. And
a significant improvement in water resistance, acid
resistance, and alkali resistance of coatings was
found with the addition of FGO [72].

Characterization of anticorrosion
zirconia/acrylic nanocomposite resin coatings

Using electrochemical methods, a study was
made of the corrosion resistance of acrylic resin
coatings that were modified with zirconium dioxide
on steel substrates. Steel substrates coated with 3.5
wt.% NaCl were used for 1 and 7 days, at room
temperature. From the impedance data, it was
concluded that the corrosion resistance decreased
as the ZrO;NPs content increased. This was due to
the oversaturation of the coating mesh and a
decrease in the amount of base resin. If the
concentrations are optimal, the modified zirconia
particles act as a filler that reinforces the internal
network of the coating and blocks the passage of the
chloride ion that causes corrosion. But it should be
noted that if the content of ZrO,NPs in acrylic resin
is more than 1 mg, the neutral electrolyte molecules
will penetrate through the coatings due to the
content of excess fillers, hence there is localized
corrosion [75].

The content of modified ZrO,NPs particles in the
coatings of their acrylic resins blocks the penetration
of corrosive chloride ions and water molecules
through the coating to the metal surface, therefore
it slows down local corrosion. Acrylic resin (10 g)
contains the optimal concentration of ZrO,NPs (1
mg) [76]. A change in the overall mechanical
conductivity of the polymer coating was observed
with the content of ZrO,NPs nanoparticles. The
average hardness value for the bare metal was 140
HV while the values for the coated samples were
lower. This was due to the fact that nanoparticles act
as inorganic fillers in the volume of acrylic resin
coatings [75].

For each acrylic resin-coated substrate
containing a ZrO;NPs nanoparticle, the paths of
corrosive ions and molecules that leaked onto the
metal surface were blocked. Since the bulk porosity
decreases due to particle dispersion, the protective
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effect will depend on the density of the filler
particles and their concentrations [75].

Using the experimental data of this study, it can
be concluded that if the content of ZrO.,NPs
nanoparticles increases and the content of the main
resin decreases, this will lead to a decrease in
corrosion resistance. ZrO;NPs nanoparticles (1mg)
show excellent anti-corrosion ability in acrylic resin
coatings [75].

Conclusion

Acrylic polymers are used as the main binder in
a wide variety of coatings. Acrylic polymers increase
the strength of coatings.

If these fillers are correctly dispersed in the
internal structure of the coating, they will occupy

their inherent micropores and, as a result, will
reduce the paths where corrosive electrolytes pass
through the coatings.

Many coatings are compatible with fillers such
as calcite, talc, and silica. But there are still problems
in choosing the right filler that is suitable for most
coatings. Compared to other types of chemicals,
acrylic coating is less expensive but more durable.
Acrylic resins are widely used in industry due to their
great properties such as strength [26], colour
retention [27], heat [28], and corrosion resistance
[29].

Conflict of interest.

On behalf of all authors, the correspondent
author declares that there is no conflict of interest.

Cite this article as: Muradova SR, Negim El-Sayed, Makhmetova AR, Ainakulova DT, Mohamad NMI. An Overview of the Current
State and the Advantages of using acrylic resins as anticorrosive coatings . Kompleksnoe Ispolzovanie Mineralnogo Syra =
Complex Use of Mineral Resources. 2023; 327(4):90-98. https://doi.org/10.31643/2023/6445.44

AKpuAn WanbipAapbiH KOPPO3UAFa KApCbl }KabblH peTiHAe naitganaHyabiH
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TYWIHAEME
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ABSTRACT

The low coefficients of friction and wear rates of transition metal carbonitride make them
excellent candidates for friction and wear applications. Coatings based on titanium carbonitride
alloyed with Ta and Al were deposited using reactive magnetron sputtering on the surface of
titanium VT1-0 and steel AISI 304. The effect of alloying titanium carbonitrides with Ta and Al
and acetylene flow during deposition on the structure, composition, and tribological properties
of the coating was studied. TIAICN and TiTaCN coatings were deposited in various acetylene
flows along with stable argon and nitrogen flows. Scanning electron microscopy, optical
microscopy, X-ray phase analysis, and sliding wear test (ball-on-disk method) in two media were
used to study the resulting coatings. The average coefficient of friction of the coating under
friction without lubrication varied in the range of 0.13-0.85 and under friction with lubrication in
the range of 0.0015-0.081. From the point of view of wear rate, it is shown that the most wear-
resistant coating under friction conditions with and without lubrication is TIAICN-2. The resulting
coatings can be useful as protection for machine parts or tools that are subject to friction and
wear.

Keywords: titanium carbonitride, magnetron sputtering, alloying, coefficient of friction, wear
rate, wear resistance.
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Introduction

Hard protective coatings greatly contribute to
increasing wear resistance and increasing the
service life of components and machine structures
that are constantly subjected to mechanical and
chemical degradation due to wear processes
[[1],[2], [3]]. The use of hard protective coatings
such as TiC [4], TiN [5], TiCN [6], TiAIN [7], TiSiC [8],
thin multi-layer coatings [9], diamond-like films
[[10], [11]], and others are a suitable way to protect
machine parts or tools from environmental hazards
and wear. In these works, it is noted that coatings
based on titanium carbides and nitrides provide
good wear resistance due to a combination of

ductility and hardness, and high adhesion to the
substrate.

To date, various physical and chemical
deposition technologies are used to obtain solid
protective coatings. There are such methods as
magnetron sputtering (MS) [12], cathode sputtering
[13], plasma deposition [14], laser methods [15],
CVD-based methods [16], and others. Among them,
MS is very often used for applying various hard
tribological coating based on titanium carbonitride
(TiICN) with increased wear resistance. MS provides
a low level of impurities and allows easy control of
the deposition rate. Several studies of TiCN [[13,
[17], [18], [19]] have been carried out to study the
tribological properties coatings obtaining by
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magnetron sputtering. The advantages of these
coatings over other coating materials are associated
with their excellent friction characteristics in
contact with steel, high hardness, and residual
stress [[20], [21]].

To meet the increased requirements for wear-
resistant coatings, it is necessary to complicate the
composition of the coating more and more, using
metal alloying additives. To improve the tribological
properties of TiCN coatings, alloying with such
metals as Al, Ag, O, Zr, Cr, etc. is carried out [[7],
[22], [23]]. Srinath M.K. and colleagues [1] reported
that TiCN-coated Al-7075 heat-treated at 500°C for
1 hour gives good results in terms of wear
resistance and corrosion resistance. Recently, in
[22], the authors reported that the addition of Ag to
the TiCN coating can improve friction and wear
resistance at room and elevated temperatures. In
[20], the surface and tribological parameters of
Ti(C,O,N) coatings were analyzed and discussed
depending on the composition and structural
features of the films, as well as their thickness. In
our previous work [23], the tribological and
corrosion properties of TiCN coatings doped with Cr
and Zr were studied. The combined results of this
work showed the most preferable composition, the
Tiz1Zr12CssNsz (TiZrCN-1) coating, which is resistant
to wear and corrosion damage.

To date, a lot of data has been published on the
efficient use of magnetron sputtering for the
deposition of wear-resistant alloyed TiCN coatings.
At the same time, information on the analysis of the
wear characteristics of TiIAICN and TiTaCN coatings
is very limited. Only a few works are devoted to the
analysis of TIAICN coatings, and there is even no
work on the analysis of TiTaCN coatings. In this
regard, it seems interesting to study the effect of
doping with Al and Ta on the tribological
characteristics of TIAICN and TiTaCN coatings.

ISSN-L 2616-6445, ISSN 2224-5243

Materials and methods

Substrate preparation and coating process

The TiAICN and TiTaCN coatings were deposited
in @ 100 kHz pulsed DC MS system. The distance
between the target and the substrate holder was
kept constant and equal to 30 cm. Composite
targets were fabricated for the deposition of TiAICN
and TiTaCN coatings. To do this, an alloying element
in the form of 3 disks of aluminum and tantalum
was welded onto the sputtered surface of a VT1-0
titanium target. Three disks of aluminum and
tantalum were welded onto the surface of the
titanium target. Well-polished disks (@ 58 mm)
made of VT1-0 titanium and AISI 304 steel were
used as substrates. When preparing the surface of
the substrates for deposition, grinding with
sandpaper, four-stage polishing with diamond paste
and ion cleaning in a vacuum were used, which is
described in detail. in [[19], [23]]. Before deposition,
the chamber was evacuated to a base pressure
below 3-10°3 Pa. Scheme of the process of preparing
the substrate and coating deposition shows in
figure 1. The MS facility is equipped with an APEL-
IS-21CELL ion source (Applied Electronics, Tomsk,
Russia) and APELMRE100 magnetrons (Applied
Electronics, Tomsk, Russia). The potential shift to
the substrate was fixed at -70 V, which was supplied
using an APEL-M-5PDC power supply (Applied
Electronics, Tomsk, Russia). This potential value was
chosen based on the results described in our earlier
published work [19]. The flow rate of the inert and
reactive gas was controlled using RRG-12
flowmeters  (Eltochpribor, Moscow, Russia).
Previously, composite targets were worked out to
clean the surface from unwanted contaminants.
The deposition parameters of all obtained coatings
are presented in Table 1.

Table 1 - Magnetron sputtering parameters for the obtained coatings

Coating deposition parameters

Coating Chamber Plasma Flow of inert and reactive gas, Substrate bias, V Deposition

pressure, current, A sccm time, min

Pa

TiAICN-1 0.45 2 Ar=18; CoH2=3.4; N2=3 -70V 120
TiAICN-2 0.45 2 Ar=18; CoH2=4.6; N2=3 -70V 120
TiTaCN-1 0.45 2 Ar=18; C2H2=3.4; N2=3 -70V 120
TiTaCN-2 0.45 2 Ar=18; CoH2=4.6; N2=3 -70V 120
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Figure 1 — Scheme of the process of preparing the substrate and coating deposition.

Morphology and composition of coatings

The surface morphology of the coating was
studied by scanning electron microscopy (SEM). For
these purposes, an electron microscope model JXA-
8230 (JEOL, Tokyo, Japan) with an accelerating
voltage of 25 kV and an electron beam current of up
to 7 nA was used. All selected coatings were studied
in the backscattered electron mode (COMPOQO). The
elemental composition of the coating was analyzed
by energy dispersive X-ray analysis (EDX) over the
surface area of the coating 40 x 40 um? at x2000
magnification.

Optical microscopy was used to check the
coating thickness. Micrographs were taken with a
Leica DM IRM optical microscope (Leica, Wetzlar,
Germany). The thickness of the coatings was
measured in several areas at least 20 times. In the
work, the average thickness of each coating was
given.

The phase composition and crystal structure of
the coating were determined on a D8 Advance
diffractometer (BRUKER, Karlsruhe, Germany) with
a-Cu radiation (A = 1.54 A). Radiography was
performed with focusing according to the Bragg—
Brentano method. The diffraction patterns were
recorded in the range of angles 26: 20-90° with a
step of 0.05°, a shooting rate of 2 deg/min at a
voltage of 35 kV and a current of 20 mA. The PDF 2
database was used for phase analysis.

Tribological tests

To measure the tribological characteristics of
TiAICN and TiTaCN, coatings were deposited on the
surface of a substrate made of VT1-0 titanium and
AISI 304 steel with a diameter of 58 mm. The
tribological characteristics of the coatings were
measured in the ball-on-disk sliding friction mode
on a TRB® tribometer (CSM Instruments, Pese,
Switzerland) at room temperature in friction
conditions with and without lubrication. Test
parameters in friction without lubrication: speed of
movement of the sample surface relative to the
counterbody — 1 cm/s, load — 2 N, the radius of the
wear track — 4 mm, friction path — 300 m, data
acquisition rate — 50 Hz, a ball of SisNs was used as a
counterbody 6 mm in diameter.

Under lubricated friction conditions, TM-5-18

APl GL-5 gear oil was used. Test parameters in
friction with lubrication: speed of movement of the
sample surface relative to the counterbody — 1
cm/s, load — 5 N, the radius of the wear track — 27
mm, friction path — 17500 m (200000 cycles), data
acquisition rate — 50 Hz, as a counterbody a ball
made of steel grade ShH15 (SUJ2) with a diameter
of 3 mm was used. Test conditions are following
international standards ASTM G99-959. The wear
given in the work was calculated from the
volumetric wear of the coatings during tribological
tests. To do this, using a profilometer brand 130
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(Proton, Zelenograd, Russia) measured the cross-
sectional area of the wear track. Next, the wear rate
was calculated according to formulas 1 and 2.
Quantitatively, the loss of volume during wear is
carried out according to the formula:

e sample volume loss, (mm?)
AV=S:1 (1)
The wear |/ given in the work was calculated
using the volume loss during the test AV for the
values of the run N and the applied load P:

I=AV/N-P (2)

Optical microscopy was used to take pictures of
the wear tracks after the tribological test.

Research results

Morphology and composition of coatings

The surface morphology of the coating and the
thickness of the coatings was measured by SEM and
optical microscopy, respectively. Figure 2 shows

that the coating material was evenly distributed
over the surface of the steel substrate. The
morphology of the coatings has a smooth and dense
structure without visible chips and cracks. It can be
seen from the image that dome-shaped nuclei are
locally located on the surface of the samples. All
deposited MS coatings showed a similar surface
structure, and no significant changes were observed
after alloying with aluminum and tantalum.
According to the results of optical microscopy, it
was determined that the TIiAICN-1, TiAICN-2,
TiTaCN-1, TiTaCN-2 coatings have an average
thickness of 2.30, 1.40, 2.56, and 2.23 um,
respectively. When coatings are deposited in an
acetylene flow of 3.4 sccm, the thicknesses of the
coatings are approximately similar in both cases
(2.30 and 2.56 um), while at a flow of 4.6 sccm, the
difference is noticeably greater (1.40 and 2.23 um).
One of the reasons for these changes in thickness is
the sputtering coefficients of aluminum and

tantalum under the action of working gas ions.

Table 2 shows the composition of the TiAICN
and TiTaCN coatings deposited at different flows of
the reaction gases of acetylene and nitrogen. The
concentration of Al and Ta in the deposited coatings
undergoes insignificant changes in the range from ~
4.8 t0 6.7 at. %. Also, titanium in all coatings
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Figure 2 — SEM images of the morphology and optical images of the thickness of the cross sections of samples:
(a) TIAICN-1 surface, (b) TIAICN-1 thickness, (c) TiIAICN-2 surface, (d) TiIAICN-2 thickness, (e) surface TiTaCN-1,
(f) TiTaCN-1 thickness, (g) TiTaCN-2 surface, (h) TiTaCN-2 thickness

Table 2 - Elemental composition and (C+N)/(sum of metals) of deposited coatings

Coating Elemental composition of deposited coatings, at.% (C+N)/(sum of
Ti Al Ta C N metals)
TiAICN-1 31.6 4.8 - 21.1 42.5 1.75
TIAICN-2 36.7 5.5 - 29.9 27.9 1.37
TiTaCN-1 32,9 6.7 19.5 40.9 184
TiTaCN-2 31.5 6.4 24.5 37.6 1.97

showed only small changes in the region of 31-37
at. %. It is interesting to note that carbon content
only in the TiAICN-2 coating is closer to 30 at. %, in
other coatings it is stable within 19-24 at. %, this in
turn has the opposite effect on nitrogen. The ratio
(C+N)/(sum of metals) for TIAICN coatings decreases
from 1.75 to 1.37 with increasing acetylene flow,
and in the case of TiTaCN coating, it increases from
1.84 10 1.97.

The phase composition of the deposited
coatings was analyzed using X-ray phase analysis.
Figure 3 shows the results of the analysis of all
obtained coatings. As shown in the X-ray diffraction

patterns, the TIiAICN coatings consist of several
phases with preferred orientations in the [100] and
[200] directions, and in the case of TiTaCN coatings,
in the direction [111] and [200]. In TiAICN coatings,
X-ray diffraction patterns show peaks of
carbonitride and nitride phases, such as Ti;CN,
TiCo,sNo,lz, (TiN)o,gs, TizAl(No,sCo,s) and Ti(Co,25N0,75). In
the TiTaCN coatings, phases consisting of
Tao,47Tio,53No,47Co,53, TiC0,495N0,502, TaTiNz, (TaTi)Cz and
TaCosNoswere identified in the X-ray diffraction
patterns. As the rate of C;H; flow into the TiTaCN-2
coating increases, an additional peak appears,
indicating the presence of the (TaTi)C; phase.
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Figure 3 - Results of phase analysis of coatings: (a) TIAICN, (b) TiTaCN
Tribological testing of coatings with the averaged value of all deposited TiAICN and

The friction wear test was performed under TiTaCN coatings obtained at different flows of

friction conditions with and

without lubrication. carbon-containing gas. The TiAICN-2 coating shows

According to friction conditions without lubrication, the lowest and most stable CoF compared to other
where the coatings were tested on the surface of a  coatings. TIiAICN-1 and TiTaCN-2 coatings in the
titanium substrate with a diameter of 58 mm. friction area from 0 to 150 m are characterized by

Figure 4 shows the coefficient
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Figure 4 - CoF coatings with an average value obtained under friction conditions without lubrication
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Figure 5 - CoF coatings with an average value obtained under friction conditions with lubrication
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Figure 6 - Wear rates of the studied coatings in two friction conditions

In the case of testing under lubricated friction
conditions, very low CoFs were recorded. The
results of these tests are presented in Figure 5,
where the coatings were tested on the surface of a
steel substrate with a diameter of 58 mm. TiAICN-1
and TiTaCN-2, which had CoF of 0.0015 and 0.0043,
had the smallest CoF among the studied coatings.
After them, there is a coating of TiTaCN-1. The
TiAICN-2 coating had the highest CoF value of 0.081,
although this coating under friction condition
without lubrication showed the best result with a
low CoF. In general, when the friction test enters a

relatively stable stage, all coatings show a stable
CoF value with rare small fluctuations.

Figure 6 shows the wear rates of all coatings
under frictional wear conditions with and without
lubrication. To compare the results, the wear test of
the coatings in each medium was carried out under
the same conditions in the ball-on-disk system. The
results under friction conditions without lubrication
show a spread in wear rate (WR) from 5.5 x 10 to
1.3 x 10° mm3/Nm. When tested under friction
conditions with lubrication, the coatings wore out
much lower due to the lubricating medium with WR
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from 7.4 x 10° to 2.2 x 10°® mm?3/Nm. In the case of
the TIiAICN coating, WR decreases with an increase
in the carbon content in the TiAICN coatings due to
an increase in the C;H; flux during the deposition
process and reaches the lowest value among the
studied coatings (7.4 x 10° mm3/Nm). With respect
to TiTaCN coatings, WR increases with an increase
in the carbon content in the composition. This was
probably caused by the low hardness of the TiTaCN-
2 coating.

Research discussions

An increase in the acetylene flow from 3.4 to
4.6 sccm leads to an increase in the carbon
concentration and a change in nitrogen composition
in the deposited coatings. The interaction between
C and N atoms can also contribute to a nonlinear
change in the C content, as described in [[24], [25]].
It is known that the ratio (C + N)/(sum of metals)
should tend to 1, however, there are works where
the ratio is higher than unity. In particular, in our
previous work [23], a TiZrCN coating with a
(C+N)/(Ti+Zr) ratio of 2.04 characterized by the
highest wear resistance among the studied
coatings. Also, other works show high abrasion
resistance of coatings with a ratio greater than one:
(C+N)/(Ti+Al) up to 1.75 [26], (C+N)/(Zr+Hf) [27] up
to 3.1.

The phase composition of the TIiAICN-1 and
TiAICN-2 coatings differs in that Ti(Co25No.7s)
transforms into TiCosNo12 as the C;H; flow rate
increases due to the difference in the elemental
composition. In addition, the half-width of the
peaks shows that with an increase in the carbon
content, the probability of the formation of an
amorphous phase increases, which contributes to a
decrease in crystallinity. If the concentration of C
exceeds its solid state solubility in the crystalline
phase, excess C will begin to form a carbon-rich
amorphous phase [28]. In the case of TiTaCN, no
broadening of the half-width of the peaks is
observed, i.e.,, there is no decrease in the
crystallinity of the coating, as in TiAICN-2.
Apparently, the carbon content was not excessive
(24.5 at %) for the formation of a carbon-rich
amorphous phase.

As can be seen from the friction results without
lubrication, the TiAICN-2 coating has the lowest and
most stable CoF compared to the other coatings,
indicating that this coating has low friction
resistance [[29-32]]. In addition, low CoF can be

ISSN-L 2616-6445, ISSN 2224-5243

associated with the formation of debris in the wear
track, which leads to the subsequent formation of a
lubricating transition layer, mainly due to an
increase in carbon sp? [33]. Moreover, the
elemental and phase composition of this coating
has the highest carbon content. With the TiTaCN-2
coating, one can observe a significant increase at
the beginning of the test and a subsequent gradual
drop in CoF, which is related to the run-in period.
The running-in period can be characterized by
grinding of the roughness peaks on the coating
surfaces [[34], [35]]. A possible reason for the sharp
increase in CoF for TiAICN-1 and TiTaCN-2 coatings
may be related to the onset of the degradation
process, although no serious damage to the coating
was observed after testing. Summarizing the results
of CoF, we can say that an increase in the acetylene
flow during the deposition of carbonitride films
leads at least to a decrease in CoF in friction
without lubrication. The presence of amorphous
carbon in composite films can significantly reduce
the friction coefficient [36].

In the case of testing under friction conditions
with lubrication, CoF has significantly lower values
compared to the results of CoF in conditions
without lubrication. Such a difference in the results
depends on many factors: tribochemical processes
during abrasion, counterbody material, lubricating
medium, load, etc. As a rule, the friction parameters
on the contact surface is largely determined by the
physical state of the contact surface and the
chemical interactions between the sliding surfaces
and the environment. medium [37]. As can be seen
in Figures 4 and 5, the frictional behavior of the
deposited coatings under friction conditions
without lubrication was more unstable with sharp
jumps or a decrease in CoF after running in, and
under friction conditions with lubrication, CoF of
tribo-pairs showed the most stable performance
with small jumps.

It has been determined that an increase in the
C;H, flow during MS deposition leads to a decrease
in the WR of the coating. Since, according to the
graph in Figure 6, it can be seen that the TiAICN-2
and TiTaCN-2 coatings have low WR in friction
without lubrication compared to the results of the
TiAICN-1 and TiTaCN-1 coatings. One of the reasons
for the decrease in WR with an increase in the
carbon content in the coatings can be associated
with formation of a thin lubricating tribolayer
formed upon contact of friction bodies. This is
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Figure 7 - Deformation of the surface of the substrate coated with TIAICN-2 after a friction test with lubrication

mainly due to the increase in carbon sp? [33]. In a
tribological test with respect to steel ShKh15 (SUJ2)
under lubricated friction conditions, the deposited
coatings showed completely different WR results
compared to the test without lubrication. When
sliding along a steel ball-coating scheme, the
change in the tribological characteristics of the
coatings was strongly influenced by the difference
in hardness between the ball and the coating. In
most cases, in the wear track, the coating was
“punched” along with the surface of the substrate
material. Figure 7 shows the local deformation
caused by the action of the counterbody on the
surface of the substrate through the coating, which
occurred when testing the TiAICN-2 coating with
lubrication.

Summarizing the results of tribological testing in
the two studied mediums, we can say that after the
completion of the tests, no obvious destruction of
the deposited coatings was observed. The clear
favorite among all obtained coatings is the TiAICN-2
coating with WR 7.4 x 10° mm3/Nm under friction
conditions with lubrication and 5.5 x 10® mm3/Nm
under friction conditions without lubrication. The
difference and scatter of all wear rate results can
also be related to the thickness of the coating. As is
known that with an increase in the thickness of the
coating of the resulting MS, the adhesion strength
to the substrate decreases, which negatively affects
the tribological characteristics. But the residual
stress of the resulting coatings can also be of great
importance, even if they cannot be quantified for
the studies given. Thus, Al alloying of titanium
carbonitride coatings can increase the service life of
machine parts and mechanisms operating under
friction and wear conditions than Ta alloying.

Although it should be noted that the TiTaCN-1
coating also had good wear resistance.

Conclusions

In this work, TiAICN and TiTaCN coatings were
deposited by reactive magnetron sputtering in an
argon-acetylene-nitrogen atmosphere. The carbon
content of the coatings varied with the acetylene
flow, which in turn affected the nitrogen content.
The resulting coatings had a dense structure with
thicknesses from 1.4 to 25 um with a
stoichiometric ratio (C+N)/(sum of metals) from
1.37 to 1.97. It has been determined that
carbonitride phases are formed in TiAICN coatings
with preferential orientation in the [100] and [200]
directions and the case of TiTaCN coatings [111] and
[200] directions. The average coefficient of friction
of the coating under friction without lubrication
varied in the range of 0.13-0.85 and under friction
with lubrication in the range of 0.0015-0.081. It has
been established that an increase in the flow of
acetylene during the deposition of TIAICN and
TiTaCN coatings leads at least to a decrease in CoF
and WR during friction without lubrication. In the
case of tribological testing under lubricated friction
conditions, it was found that an increase in the
carbon content in the TIiAICN coatings due to an
increase in the C,H, flux during the deposition
process contributes to a decrease in WR. In relation
to TiTaCN coatings, WR increases, probably due to
the low hardness of the coating and insufficient
content of carbon amorphous phases.

Thus, alloying titanium carbonitride (TiAICN-2)
coatings with aluminum can increase the service life
of parts of machines and mechanisms operating
under friction conditions, since such coatings
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TYRIHAEME

©T1neni metann KapbOHWUTPUATEPiHIH, YMKenic neH To3y Xblidamaplfbl KO3GOULMEHTTEpPIHIH,
TemeH 60nybl, onapapl MexaHWKanblK YWKenic neH To3y canacbiHAa KongaHyga TanTblpmac
maTtepuan etegi. Ta xaHe Al neripneHreH TMTaH KapboHUTPUAIHE Heri3genreH KabblHaap TUTaH
VT1-0 koHe AISI 304 6eTiHAe peaKTMBTI MarHeTPOHAb! LWAWbIPaTy apKblibl TO3aHAATbINAbI.
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3epTTey YLWiH CKaHepaeyLli 3N1eKTPOHAbI MUKPOCKOMMUA, ONTUKANbIK MUKPOCKONWUA, PEHTIeHAiK
daszanblK Tangay KaHe €Ki opTagafbl CbipFbiManbl TO3y CblHafbl (AWCKTeri wWwap agaici)
KOoNZaHbInabl. Kypfak yiKenic KafaanbiHaa abblHHbIH, opTawa yikenic koadouumenTi 0,13-
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TypFbicbiHaH TIAICN-2 ayaga skaHe mali/ibl opTaga TO3yFa eH Te3iMAji abblH eKeHi aHbIKTanabl.
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AHHOTALMUA

Huskne KoapdULMEHTbI TPEHWUA M CKOPOCTU M3HOCA KapOOHUTPUAOB NEPEXOAHbIX MeTasnnoB
AeNaloT UX OTIMYHBIMU KaHAUAATaMM ANA NPUMEHeEHNA B 061acTAX TPeHWA 1 n3Hoca. MoKpbITUA
Ha ocHoBe KapboHWTpuAa TUTaHa nermposaHHble Ta u Al 6bIM HaHeceHbl C MCNOAb30BaHMEM
MeTofa PeakTUBHOIO MarHeTPOHHOro PacnblIeHNA Ha MOBEPXHOCTb TuTaHa BT1-0 u AISI 304.
MccnepoBaHo BAMAHWE nerMposaHua KapboHUTpuAa TuTaHa Ta u Al M noToka aueTuneHa B

Moctynuna: 9 aHeapa 2023 npoLecce OCaAEHWA Ha CTPYKTYpy, COCTaB M TpMBONOrMYEcKMe CBOMCTBA MOKPbLITUA.
PeueHsupoBaHue: 13 ¢pespana 2023 Ocaxkganucb TIAICN m TiTaCN noKpbITUS B pasHbIX NOTOKaX aLeTUAeHa Hapagy Co CTabuabHbIMK
MpuHAaTa B Neyats: 24 mapma 2023 NoTOKaMM aproHa W asota. [lnA WMCCieaoBaHWA MNOYHYEHHbIX MOKPbLITMIA MCMOb30BaNNCh

CKaHMPYIOLLAA 3/NEKTPOHHAA MMUKPOCKONWA, ONTUYECKas MMKPOCKONWA, pPeHTreHodasoBbIi
aHaNM3 M UCMbITaHME HA U3HOC MPU CKOIbXXEHUN (METOoZ, Wap Ha AncKe) B ABYX cpesax. CpeaHuin
K03pPULMEHT TPEHUA NOKPBITUA B YCIOBUAX CYXOro TPEHWA BapbMpoBasach B AuanasoHe 0.13-
0.85 1 B ycnoBUAX MacnAaHHOro TpeHusa B guanasoHe 0.0015-0.081. C TOYKM 3peHMA CKOPOCTH
M3HOCa NOKa3aHo, YTo Hanbonee M3HOCOCTOMKMM MOKPLITUEM Ha BO3AyXe U B MAC/lIeHHON cpese
anaerca TIAICN-2. MonyyeHHble MNOKPLITUA MOrYT 6biTb MNO/E3Hbl B KayecTBe 3aluTbl ANA
LeTaneit MalmnH AN UHCTPYMEHTOB, KOTOPbIE NOABEPratoTCA K TPEHUIO U U3HOCY.

Kniouesble cnoea: KapboOHWUTPUA, TWTaHa, MArHETPOHHOE pacnblieHne, NernposaHue,
K03pPULMEHT TPEHUA, CKOPOCTb N3HOCA, U3HOCOCTOMKOCTD.
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