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Views on drilling effectiveness and sampling estimation for solid ore minerals
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ABSTRACT

As a result of well drilling, a geological sample recovery was taken as a cylindrical rock sample. This
rock sample core would be used for further study of the conditions of occurrence of ore minerals.
The great practical importance of supplying reliability and representativeness of geological surveys
is the assessment of drilling quality and effectiveness. We were attempting to study the core
recovery measuring ways for efficiency estimating of drilling for solid minerals, which will be
submitted in this article. Also analyzed existing methods, their advantages and disadvantages. The
RQD (Rock Quality Designation) measuring method we suggest as criteria is the best way of
unbiased effectiveness assessment. It is necessary to closely research the lithological section
finished by drilling wells, and the geological, technical and hydrogeological conditions of the
explored fields to solve economic efficiency at the down-the-hole cleaning method. In-depth study
methodology of the main elements of the “diamond bit-rock” pair and the conditions of the
normal drilling process can be the basis for successful implementation of geological tasks by
drilling personnel. Currently uses three main methods of core recovery measuring (linear, volume,
weight). However, they did not consider coefficients of fragmentation, fracturing and loosening
and that is why the RQD method has a clear advantage over the traditionally used methods. The
RQD method has already been successfully introduced to the geological exploration sites of the
Ministry of Mining Industry and Geology of the Republic of Uzbekistan.
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Introduction Along with a large number of manufacturers and
modifications of fully hydraulic drill machines for
solid ore minerals, their expensiveness, drilling

capacity, andhigh operating costs cause an

The current level of scientific and technological
progress in drill machine manufacturing and the

increasing range of various drilling methods by the
appearance of boring systems determines the
detailed investigation and application of drilling
efficiency assessment methods, in particular, for
solid ore minerals.

objective choosing of models and their quality
estimating at the designing and operating.

Wherein, has a special relevance and industrial
significance in detecting the drilling parameters
function by the deepening for one rotating of the bit,
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energy consumption for rock destroying in
the bottom of the hole, the real cross-sectional area
of the well and the diamond tool wear from the
results of drilling at the form of core and cuttings.

Experimental part

Below are some fundamental concepts about
evaluating the effectiveness of drilling operations
for solid minerals.

V.G. Kardysh and A.S. Okmyanskiy [[1], [2]]
suggested the technical level and quality estimation
of the equipment for exploration well drilling by the
specific indicator, which will accepted in the power-
to-weight ratio and metal consumption.

According to V.G. Kardysh seems that the
estimation of some drilling methods for non-deep
wells must be based on the following criteria:

a) the efficiency drilling possibility for certain
deep and diameters in the different lithological
rocks;

b) the requested power and transportable
equipment designing possibility which suitable for
the current conditions;

c) the possibility of achieving the ultimate
objective by drilling — quality sampling and stable
borehole wall getting.

It is necessary to identify and consider the
following terms for objective analysis and
comparison of various drilling methods, as well as
for the quantitative expression of their most
significant positive and negative features: drilling
trip speed change, average drilling trip speed,
provided drilling trip speed, energy and metal
consumption and drilling time.

B.M. Rebrik [[2], [3]] submitted interesting
scientific research, which suggests the detecting
method of universal indicators of drilling machines'
efficiency by conditional accrual of points to each of
the operational parameters.

D.N. Bashkatov considers [[4], [5]] that the
drilling method of engineering-geological wells and
the model of thedrill rig should provide the
necessary quantity and quality of information about
the engineering-geological properties of soils and
high technical-economic indicators of well drilling.

By the M.G. Abramson opinion, [[6], [7]] the
criteria of exploration well drilling methods and
modes estimation may be drilling capacity and the
cost of 1 meter well drilling.

M.G. Abramson [[8], [9]] thinks that the property
of efficiency of different types of exploration well
drilling can be used inthe technical parameters:
drilling mechanical and trip speed, deepening for
one trip, but sinking and drilling capacity for 1
month. However, making a verdict about the one or

other drilling method efficiency is not enough just on
the one technical parameter, because it doesn’t
always lead to the correct conclusion about the
efficiency and profitability of drilling operations.
Therefore, the technical parameters should be
added economically: the cost of 1-meter drilling and
the economic efficiency of drilling (Eq).

_ C*Ry(H,D)

Eq e

(1)

here C — drilling capacity, meter per month;
Ri(H, D) — regulatory time (Time Standards vol.V),
suitable for the average rock hardness H and
average deep of the holes D; C;— the cost of 1 shift.

In modern drilling equipment, engine power is
the main parameter determining the actual
technological capabilities of drilling rigs. In this
regard, the correct choice of engine power, which
provides the possibility of using forced drilling
modes, is one of the urgent tasks that must be
solved by conducting experimental work to
determine the power costs and a thorough analysis
of the energy characteristics of imported equipment
[[10], [11]].

The engine power mounted on the advanced
drill rigs is the main parameter, which defines the
reality technological features of these equipment.
Therefore, the correct choice of engine power,
which provides the boosted drilling parameters is
important. So, we think that the solution to this issue
is to test power consumption and energy properties
by analyzing imported equipment. We have to be
mindful, however, that the energy properties of drill
machines are a complex concept, which considers
the estimation of the operational features
depending on the supplied power - drilling
possibility with any rod size with the drilling speed
and weight on bit (WOB) combination.

The main task of well drilling is the maximum
possible core recovery. Almost all researchers-
specialists in the field of exploration well drilling deal
with the issue of increasing core recovery. There are
frequent cases of rejection and low-quality sampling
of individual well intervals. As a result of this, until
recently, in many solid mining sites, the obtained
drilling data was not used for deposit calculating
[[12], [13], [14]].

With the increasing depth of prospecting and
exploration of deposits, the high cost of
underground works and technological problems of
extracting reliable core samples in difficult
geological conditions due to selective erosion, as
well as violation of the integrity of the core, indicates
the need for an in-depth study of the issue of
increasing its vyield. The issues of objective

— 6



KomnnekcHoe Mcnonb3oBaHne MuHepansHoro Coipbs. N21(336), 2026

ISSN-L 2616-6445, ISSN 2224-5243

assessment of the yield of core and cuttings when
using new special technical means, technology and
drilling methods also arise.

It is known that the following problems can be
solved using one intersection or well:

1. Study of the physical and mechanical
properties of ores and host rocks;

2. Analysis of the textural and structural
features of ores and host rocks;

3. Determining the presence or absence of ore
bodies;

4. Studying the material and mineralogical
composition of ores;

5. Determination of the content of useful
components;

6. The same, associated elements;

7. Harmful impurities;

8. Thickness of ore bodies.

It is known that other tasks related to the study
of the variability and distribution of mineralization,
processing technology and schemes for extracting
useful, associated and harmful components of ores,
as well as determining the occurrence elements of
ore bodies, their coordinates, etc. are solved using
data from several wells.

Analysis of the above tasks shows that for their
objective, the completeness, continuity and integrity
of the sample are of main importance. Therefore,
the main criterion for assessing the quality of drilling
technology is the linear core yield, determined by
the formula:

B, =7+ 100

14

were.lk - length of the lifted core; hp - passage
per trip.

This approach is valid in cases of drilling through
monolithic rocks and obtaining a solid column-core,
when estimating the yield of the destroyed core
using the given formula, mistakes are made due to

Table 1 — Main quality criteria for core samples

the exclusion of the influence of the loosening
coefficient.

The objectivity of assessing the reliability of a
core sample increases when using the expression:

!

i

B, =——
“ hyx K

* 100
where l,’c - length of the destroyed core, folded
along the diameter of a dense column; hp -

penetration per trip; Kr. - core loosening coefficient
(with normal drilling diameters of 46-127 mm, it

ranges from 1,45-2,07).

In most cases, destroyed core recovery is more
accurately determined by the volumetric method:

Uk

By = ——— % 100
KT 0,785 % dZxhy, |

where BK - core recovery assessed by an
objective method, %; U} — the volume of actually
raised core; dk - average core diameter in a given
trip; hp - passage per trip.

The volumes of the destroyed core can be
determined in special measuring cylinders. A
weighting method for estimating core recovery is
also used as RQD:

Py
B, = > - %
0,785 * dj, *lzfJ * j

100

where Py, - the weight of the lifted core; d, -
average core diameter; lp - penetration per trip;j -
volumetric weight of the core.

There are other principles for assessing the
quality of core samples according to their criteria,
which are shown in Table 1.

o General characteristics of the L e .
Criterion . Main criterion Characteristic criterion Core Evaluation
criterion
Correspondence of the properties Linear Exit, %
. Amount of core .
1 of the core material to the . . Weight Same
. material (core yield)
traversed well interval Volume
The presence of selective Change in content,
5 Same Material composition erosion of the useful %
of core material component.
Volatile content Same
. Yes, no
Secondary core crushing. .
. . In units of
Structure of core Change in physical and .
3 Same - > . magnitude,
material mechanical properties, core
. . the degree of
orientation .
rotation
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Possible  combinations of the  given
characteristics of core samples to preserve the mass
and structure of the core, the content of minerals in
it under real conditions are given in Table 2.

Assuming a possible loss of 60% of the sample
mass and a minimum requirement of 40% of the
core mass [15], compiled a classification of core

samples according to the degree of reliability of the
obtained geological information (Table 3).

From the point of view of completeness,
uniformity and continuity of the material yield in the
sample, there can be three cases of core reliability
and information content (Figure 1).

Table 2 — Options for correlating the quality characteristics of a core sample

Qualitative
characteristics of the | 1] 1]
core

v \" \ Vil Vil

Core mass
conservation

Preservation of core
structure

Mineral content + + +

Table 3 — Classification of core samples according to the degree of reliability of the obtained geological information

Degree of reliability
Sample . . . .
class Class characteristics of the information Solvable geological problems
received
The sample corresponds to the original well
interval: Engineering-geological and
by structure; . hydrogeological surveys in ver
Y . ! Maximum yarog & . 4 . :
by weight; weak rocks, determination of
according to the true content of the mineral rock occurrence elements, etc.
component
The sample corresponds to the original well
interval: Obtaining complete geological
Il by weight; High information when exploring for
according to the true content of the solid minerals of any origin
resulting component
The sample corresponds to the original well Obtaining sufficient geological
interval: . information when exploring
1] . Partial .
according to the true content of the most metamorphic and
resulting component sedimentary deposits
Information about the presence
The sample does not correspond to the L. . . P
v . . . Minimum of minerals. Information on host
original well interval in all respects rocks

40 s0 60 70 80 @0 100

a) Continuous, Uniform

b) Continuous, Uneven

40 50 B0 70 8 90 100

c) Intermittent, Uneven

0 1 20 30

Fig.1. - Completeness, uniformity and continuity of sample material output
(Drilling feed for 1 trip is 100cm)
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Table 4 — Deviation of the material yield of individual sam
(Diamond core drilling — NV system)

ples from the average for the well

Well No. 20 Well No. 7 Well No. 17
Deviation Deviation Deviation
No. Sample Sample Sample yield,
yield, % + % yield, % + % % + %
1 83 +1 1.2 100 +22 90 +47
2 84 +2 39 -39 90 +47
3 71 -11 51 -27 63 +20
4 89 +7 36 -42 54.9 0 -43
5 85 +3 65 -13 50 +13
6 84 +2 66 -12 50 +13
7 89 +7 100 +22 50 +13
8 72 -10 88 +10 100 +57 132.5
9 100 +10 100 +22 6 -43
10 86 +4 100 +22 48 +5 11.6
11 73 -9 68 -10 48 +5
12 85 +3 100 +22 56 +13
13 79 -3 83 +5 56 +13
14 74 -8 70 -8 0 -43
15 79 -3 100 +22 86 +43
16 79 -3 100 +22 0 -43
17 61 -21 25.6 76 -2 2.6 100 +57
18 62 -20 36 -40 100 +57
19 78 -4 50 -28 0 -43
20 75 -7 63 -15 100 +57
21 100 +18 94 +16 100 +57
22 75 -7 100 +22 79 +36
23 100 +18 70 -8 0 -43
24 100 +18 94 +16 0 -43
25 90 +8 96 +18 0 -43
Average 82 78 43

Table 4 shows the completeness, uniformity and
intermittency of the rock material recovery in the
form of a sample, according to the trip withdrawals
of experimental wells at the Muruntau gold deposit
(data of the 2011-2022 year).

From the above, it is clear that with a continuous
and uniform (a) recovery of rock material - core
samples will be the most reliable, since the
displacement of rock materials in the sampling
interval is unlikely, and there is no selective erosion.
This allows usto accurately record the main
parameters of the ore: the average content of the
useful component, thickness and contacts with the
host rocks.

With a continuous and uneven (b) rock material
recovery, the sample is less reliable and not always
representative, since in this option, displacement of
materials in the sampling interval is possible and
selective erosion occurs, and this will lead to
inaccurate determination of contacts and distortion
of the true metal content in the ore.

If the material is released intermittently and
unevenly (c), the sample will be unreliable.

Table 5 shows the parameters of borehole and
control furrow samples, showing the relative
deviation of the parameters of borehole samples
from furrow samples, taken as 100%. Wells No.20
and No.17 were controlled by underground pit
No.13, and well No.7 by underground pit No.25.
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Table 5 — Influence of material yield on sample reliability

Sample parameters in arbitrary units Deviation of parameters of
Well borehole samples from furrow
well furrow
number samples, %

M C M% M C M% M C M%

20 25 98 2465 25 89 2198 0 +10 +10

7 25 130 3240 25 107 2680 0 +21 +21

17 12 125 1587 25 88 2198 -48 +44 +68

Table 6 — Dependence of sampling reliability on the completeness of continuity and uniformity of material

release into the sample

Average Deviation of
g private Average random deviations, % Metro percent Attitude
Wells sample L.
. samples, % deviation, % 7/6
yield, % - -
min max absolute relative

1 2 3 4 5 6 7 8
20 82 1.2 25.6 8.2 10.0 +10 1,000
7 78 2.6 54.6 19.4 24.9 +21 0.844
17 43 11.6 | 132.5 35.9 83.6 -68 0.813

Below, summary Table 6 shows the average
material recovery per sample for wells 20, 7 and 17,
the limits of deviations of private samples from the
average vyield of material, the average random
deviations of samples for wells and the relative
deviation of the metro per cent for well and furrow

(gutter) samples.
A.A. Abdumazhitov expressed the opinion [16]

that the quality of drilling of prospecting and
exploration wells should ensure:

a) geological information fullness (drilling
sampling by penetration and by the percentage of its
recovery, ore body testing, and geophysical
researching);

b) well boring in the given direction (profile)

taking into account the permissible deviations for
specific geological and technical conditions;

c) the configuration of the borehole within the
limits of permissible deviations (cavernous,
collapse), which excludes the occurrence of
complications during drilling and fastening of wells;

d) borehole sample must be continuously by line
and stable by cross-section;

e) The sampling method must be suitable to the
geological features of the ore deposits and the

mineral resources distribution properties;

f) requirements to the core recovery fullness and
bit diameter for randomly oriented vein formations
and stockworks sampling must be defined by his

liability to the selectively destroy.
He also suggests the consolidation scheme of

geological-technical-technological system elements
cooperation in just one whole process for drilling

results recovery (fig.1), which reflects the equal
participation of geological environment, drilling
technology and technics features in the drilling
process to get an accurate result.

Currently also used the RQD (Rock Quality
Designation) - core recovery quality estimation
criteria, as an objective evaluation system of drilling
effectiveness. This method measures only solid and
not destroyed parts of recovered core samples, with
lengths of more than 10 cm. The part's length is less
than 100 mm don’t take to measure. If the length
measuring of the core by line gives more than 91%
RQD is the best. Besides that, we use the TCR (Total
Core Recovery) method and SCR (Solid Core
Recovery), but among them, RQD is an objective way
of drilling efficiency estimation by each trip [[17],
(18], [19], [20]].

Another important way of drilling process
efficiency estimation may be deeply researching the
main elements of the “diamond bit-rock” pair and
the normal drilling process conditions. Here it is
appropriate to use a well-known position in
tribotechnics — the Kragelsky-Druyanov formula,
which determines the condition for the transition
from external friction to micro-cutting:

(2)

==

+=>
Os

N | =

here h — penetration depth of indenter; r —
spherical indenter radius; t — friction contact
strength on moving; o_s — rock yield strength.
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The normal drilling process, and consequently,
the most efficiency rock destroying in the hole
bottom might be formulated as below:

he.f.t. < hn. < hb.n.w (3)

here, heft — penetration depth suitable to the
(2), which sows micro-cutting mode condition
(external friction threshold); hn — penetration for
the normal drilling condition; hbnw — penetration
for the normal diamond wear.

Research conducted in this direction allows
foridentifying and characterising the main
conditions of “diamond bit-rock” pair collaboration
(table 7).

In the work [[8], [9]] submitted that to achieve
economic efficiency when choosing a method for
down-the-hole cleaning in each case, it is necessary
to carefully study the lithological section, geological,
technical and hydrogeological conditions of the
explored site. This will make it possible to choose the
suitable drilling technology in specific conditions and
range the required technology in a manner to
eliminate possible complications.

Here also presented the results about the
advisable and economic justification of the
combined drill method: air drilling to the technically
possible depth, then drilling with liquid flushing,
which is widely used where the upper part of the
borehole consists of dry rocks, and the lower part is
with water flows [10]. When looking at them from
another angle, the upper part of the well with
abnormal rocks could be used for liquid flushing,
then, after well casing or plugging continue with air
drilling. They got good results using the combined
drill method at the Samarkand and Almalyk drill sites
of the Ministry of Geology ofthe Republic of
Uzbekistan. The cost of a 1-meter combined drill
method might allow saving money average of 50-
70% in comparison with liquid flushing of the well.

Time-lapse observations were carried out on 78
wells with a total depth of 10,000 meters, of which
8000 meters were drilled with air. To compare the
data parameters was taken where used water-clay
liquid flushing at 2000 meters of well drilling. In the
table 8 shows the balance of drill rig working time
with a diameter of 132 and 112 mm in rocks
hardness I-VII.

Table 7 — The main conditions of “diamond bit-rock” pair collaboration

. . The diamond The rock The number of The pair collaboration
The pair collaboration . . - .
bit wear deformation rounds for rock- condition during
property . .
properties property destroying the process
Elastic
displacement K
Diamond bit polishing (grinding and - ® b 4T <1/
(“bit-rock” pair friction Fatigues surface abrasion) r+ /o 2
stayi (h—0)
ying)
Plasti
. astic 1<K<w
displacement
The normal drilling h/r + g, = 1/2
process Fatigues, (h = hypp)
Abrasive, Microcutting K<1 h op 1
) . /r+ Yo, >/
High wear of Erosive s 2
the diamond bit (h="T/y)
Table 8 — The drill rig working time balance parameters
Drill d
Cleaning | Drilled, . " Sec-on allry Waiting Downhole Assembly and Transportation,
time, working time, . . .
agent m % % time, % failure, % disassembly, % %
(o] (o]
Air 8 000 43.8 28.7 2.3 0.2 9.6 15.4
Water 2 000 34.0 21.8 7.0 5.5 12.8 18.9
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Conclusions

Overall, summarizing this article can be noted

below:
the issues of evaluating the effectiveness of

exploration well drilling for solid minerals is
important for research and production units of the

geological industry;
the formulation of specific experimental and

industrial research in this direction contributes to
the improvement of the results of the exploration

work carried out;
the introduction of generalized criteria and the

results obtained by early research to assess the
effectiveness of drilling operations will give a
powerful impetus to the sustainable development of

the country's mineral resource base;
to assess the effectiveness of drilling operations,

it is considered appropriate to use the criterion of
the difference between the costs of conducting
geological exploration and the value of the results

obtained - the amount of forecast resources and
mineral reserves;

all other things being equal (especially in terms
of information content), drilling methods with
greater economic efficiency should be used;

when choosing a combined drilling technology
for a specific object, it is advisable to take into
account the lithological section of the well,
and geological, technical and hydrogeological
conditions.
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TYWIHAEME

¥HFbIMaHbl BypFblnay HITUNKECIHAE LMANHAPAIK Tay XKbIHbICTAPbIHbIH, YAFiCi TYPiHAE re0NornANbIK,
CblHaMa anblHAbl. Byn Tay XKbIHbICTAPbIHbIH, KbIHbICO3€ri (KEPH) KEH MWHepanAapbiHbIH, Naiaa
6ony karpaiinapblH oAaH api 3epTTey YWiH naiganaHbinagbl. bypfbinay canacbiH KaHe OHbIH,
TUMiMAiniriH - 6afanay reonoruanblk 3epTTeynepid, CeHimAiniri mMeH penpeseHTaTUBTIAIrH
KaMTamacbl3 eTy TYPFbICbIHAH Y/IKeH NPaKTUKaNbIK MaHbI3bl 6ap. bis ocbl Makanasa ycbiHbIIATbIH
KaTTbl Nainganbl Kasbanapabl 6yprolaayabliH TMiMAiniriH 6aranay yLiH XbIHbICE3eK (KepH) eHaipyai
efllley aAicTepiH 3epTTeyre TbipblCTblK. CoHAaAlM-aKk, KongdaHbiCTarbl d4icTep, 0napAplH,
APTbIKLWbINbIKTapbl MEH KeMLWiniktepi TangaHabl. Kputepuit petiHae 6i3 eHiMAinikTi 06beKTUBTI
6afanaygblH, €H Kakcbl Tacifi 60/bin TabblaaTbiH Tay bIHbICTAPbIHbIH, canacbiH (RQD) (Tay
bIHbICcTapbiHbIH, CanacbiH benriney) enwey aAiciH ycbiHambl3. ¥HFbIManapabl Tasanay a4iCiHiH,
3KOHOMMKANbIK TUIMAINIT Typanbl MaceneHi Wwewy yWiH yHFbiManapabl bypfbliay HaTUXKeciHAe
anblHFAH NIUTONOTUANBIK KUMMaHbl, bapnaHfaH KeH OPbIHAAPbIHbIH, F€0N0TUANDIK, TEXHUKA/bIK
YKIHE rMApOreoNorMANbIK XKaFaanapblH MyKUAT 3epaeney KaxeT. «AIMac Kallay — Tay *KbIHbICbI»
YKYObIHbIH, HETi3ri 3/1eMEeHTTepiHiH aAicTeMeciH aHe KanbinTbl Bypfblnay NPOLECiHiH, LWapTTapbliH
TepeH, 3epTTey bypFbinay NEPCOHA/bIHbIH, FTe0NOMUABIK TancbipManapAbl CTTi OPbIHAAYbIHA HETi3
6ona anagbl. Kasipri yaKbiTTa XbIHbICE3eK (KepH) eHAipyai enweyaiH yw Herisri agici
KONAaHbINaAb! (CbI3bIKTbIK, KeNemaik, canmakTbiK). bipak onapaa ¢parmeHTaums, CbiHy KaHe
KOMCbITYy KoaddpuumeHTTepi eckepinmeingi, coHablkTaH RQD agici AaCTypAi KoNAaHbINATbIH
94icTepAeH alKblH apTbIKLWbINbIKKA Me. RQD agici ©36ekctaH Pecnybiunkacbl Tay-KeH KaHe
reosiorma MUHUCTPAITIHIH, reonornanbik 6apnay yyackenepiHge caTTi eHrisingi.

Tyiiin ce3dep: 6aranay, TWMIMAINIK, yHFbIManapabl 6ypfblnay, KaTTbl KeH MUHepanaapbl,
KpuTepuiinep, bypfblnay a4ici, XKbIHbICO3EKTEPAi any, YHFbIManapabl Ta3apTy, aAmac Kaway.
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AHHOTAUMA

B pesynbrate 6ypeHus CKBa)KMHbI Obl NOAYYEH reONOrMYeckuit obpasel, B3ATbIM B BUAE
LUMAHAPpUYEcKoro obpasua ropHoit nopogpl. 3ToT obpasel, nopoapl — KepH byaeT Ucnob3oBaH
ONA JanbHenWero U3y4yeHus ycnoBuid 3aneraHna pygHbiX MUHepanoB. Bonblioe npakTuyeckoe
3HayYeHWe C TOUKM 3peHNs obecneyeHns [OCTOBEPHOCTU U PENPE3EHTAaTUBHOCTU FE0NOrMYECKUX
nccnenoBaHWii MMeeT oLeHKa KadectBa bypeHusa u ero adpdekTmBHOCTU. Mbl npeanpuHAAn
NOMNbITKY U3y4YnUTb CNOCOBbI M3MEPEHUA U3BNEYEHUA KePHA ANA OLEHKMN 3bPEeKTUBHOCTH BypeHus
Ha TBep/ble NoNE3HbIE UCKOMAeMble, KOTopble ByAyT NpeacTaBfeHbl B 3TOM cTaTbe. Takke 6blan
NPOaHaNM3NPOBaHbl CYLLECTBYIOLLME METOAbl, UX NPEeMMYyLLECTBA M HedoCTaTKU. B Kauvectse
KpUTEPUA Mbl Mpeanaraem MeTos U3MepeHUs KayecTBa ropHbix nopog (RQD), KoTopsblit ABnseTcs
HaUAyYWUM Cnocobom O6BEKTUBHOM OUEHKU 3bdekTMBHOCTU. [nA pelweHuna Bonpoca 06
3KOHOMMYECKOW 3DDEKTUBHOCTU CKBAKMHHOMO METOAa OYMCTKM HeobXxoAMMO TuwaTenbHoe
M3yyeHue NIMTONIOTMYECKOro paspesa, NOJIlyYEHHOro NpWU BYpPeHUM CKBAXKUH, reoNornyeckux,
TEXHWUYECKMUX W TUAPOre0/IONMUYECKUX YCNOBUI Pa3BeAaHHbIX MECTOPOXAeHUI. YrnybneHHoe
M3yyeHue MeTOA0/I0TMN OCHOBHbIX 3/IEMEHTOB Napbl “anMasHoe A010TO - nopoaa” M ycnosuii
HOpPManbHOro npouecca bypeHWa MOXKeT CTaTb OCHOBOW AN YCMEWHOro BbINOAHEHUA
reosIorMyeckmx 3agay byposbim NepcoHanom. B HacTosLLee BpeMs UCNONb3YOTCA TPU OCHOBHbIX
MeTo4a U3MEpPEeHUA M3B/EYEHUN KepHa (MHEeNHbIA, 06beMHbI, MaccoBblit). OgHAKO OHM He
YYUTbIBAIOT KO3DDULMEHTLI GparmeHTaLum, TPELLMHOBATOCTU U PA3PbIXNEHUSA, U UMEHHO NO3TOMY
RQD-meToa, MMeeT ABHOE NpeuMMyLLecTBO nepes, TPaAULMOHHO MCMOAb3yeMbIMU METOAAMM.
MeToa RQD y:e ycnewHo BHeApPeH Ha reosoro-passeaoUHbix 06bekTax MuUHUCTepCTBa ropHowM
NPOMbILWNEHHOCTU U reonornm Pecnybamku Y3bekucraH.

Knrodeabie cnoea: oueHKa, 3bGeKTUBHOCTb, BypeHue CKBaXWH, TBepable pyAHble MUHEpansl,
KpUTepUn, MeTog, bypeHus, U3BieveHre KePHA, OYUCTKA CKBAXKMHbI, aIMasHOe [0/10TO.
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ANNOTATION

In the current context of the energy industry, effective management of residual reserves of fields
at late stages of development is becoming a matter of critical importance. Residual oil reserves
play a key role not only in ensuring energy security but also in the formation of economic
sustainability of regions and countries. One of the main aspects of residual reserves management
is forecasting their involvement in development at the later stages of the field life cycle. The
presence of old fields, for which the construction of a GHDM is inappropriate, determines the use
of various analytical and mathematical models in the analysis and design of development. The
variety of such models is great, which allows them to be applied to various fields and at various
stages of development. Of the many numerical models, we can highlight those that are
distinguished by: ease of use; absence of complex physical and technological formulas; wide
applicability for various categories of deposits; as well as the absence of the need for a detailed
study of the geological and physical characteristics of the deposit. In our case, we are talking about
displacement characteristics (hereinafter referred to as DC), which are a powerful data analysis
tool that makes it possible to identify patterns and trends in changes in residual reserves. The use
of statistical models allows us not only to assess the current state of residual reserves but also to
predict their behavior in the future, which is a key element of effective production management.

Keywords: field, well, displacement characteristics, model, production, production analysis.
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Introduction

analysis of the geological structure of the field, the
properties of the reservoir, the hydrodynamic

Forecasting the involved oil reserves is based on  conditions, and the technological possibilities of
the assessment of the available oil resources in the  production. Knowledge of oil reserves is a key

field and their potential production. This includes the  element for making decisions on field development
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planning, choosing the optimal technologies and
production methods, and assessing the economic
efficiency of the project. Thus, the determination of
oil reserves is closely related to the forecast of the
reserves involved and plays an important role in the
management of production and development of oil
fields. Qil reserves are the volume of oil that can be
extracted from a field using current technologies and
production methods, subject to economically
favorable conditions. This concept includes an
assessment of the amount of oil that is physically
present in the geological structure (deposit) and also
takes into account the technical and economic
feasibility of its extraction. The determination of oil
reserves includes a comprehensive assessment of
geological, hydrodynamic, engineering and
economic factors.

The topic of forecasting the involvement of
residual reserves in the development of a late-stage
field using displacement characteristics is relevant
for oil-producing companies, as it allows
for increasing the efficiency of oil production. In this
review, we will consider some of the studies and
publications devoted to this topic.

The research "Predicting the Residual Reserve
Involvement of Late-Stage Fields Using Displacement
Characteristics discusses various methods for
predicting the residual reserves of late-stage fields
using displacement characteristics. The authors
propose using hydrodynamic modeling and machine
learning methods to estimate the residual reserve
involvement. The study was conducted based on
field data in China and showed high accuracy in
predicting the residual reserve involvement [[1], [2],
(311

The research "Determination of Residual
Reserves of Fields at Late Stages of Development
Using Displacement Characteristics". Methods for
determining residual reserves of fields at late stages
of development using displacement characteristics.
The authors propose to use the modeling of the
displacement of the injected fluid and the
assessment of pressure changes in the late stages of
development to predict the remaining reserves. The
study was conducted based on the data of the field
in Azerbaijan and showed good accuracy in
predicting the remaining reserves [4].

The book is a valuable resource for studying the
features of the involvement of residual oil reserves.
Residual oil reserves are a significant portion of oil
reserves that cannot be extracted by standard
production methods. Lysenko's book analyzes in

detail various methods and technologies for the
involvement of residual oil reserves, such as hot
crushing technology, hydrothermal decomposition,
steam injection, explosive methods, and many
others [5].

The book is an important source of information
on the involvement of residual oil reserves in the
production process. The authors examine various
methods of designing oil field development taking
into account the involvement of residual reserves.
The book describes in detail the features of the
geological structures of oil fields and methods for
determining their parameters [6].

Thus, the use of displacement characteristics to
predict the involvement of residual reserves in the
development of a late-stage field is a promising
direction and can lead to increased efficiency of oil
production.

Research methods

In the article, for the analysis of the reserves
involved in development under the development
system that has developed over a long period, some
of the most common displacement characteristics
presented in Table 1 were used. The indicated
displacement characteristics show the closest to the
actual result when developing a field in an active
water drive mode [7].

The displacement characteristic method based
on the dependence of the cumulative production
(Qcum) 0N the natural logarithm of the water-oil ratio
(WOR) is one of the methods for analyzing and
evaluating the efficiency of production in oil fields.
This method is based on the fact that WOR is one of
the key parameters that determine the amount of oil
that can be extracted from the reservoir. The natural
logarithm (Ln) of WOR is used to create a linear
dependence, which simplifies the analysis and
interpretation of the results. The basic steps of the
Ln(WOR) displacement characterization method
include Data collection: Oil production data are
collected at various stages of field development,
including oil and water production volumes;
Ln(WOR) calculation: For each time interval or
production stage, the natural logarithm of the WOR
is calculated based on the oil and water production
[8]; Plotting a graph: A graph is plotted with Ln(WOR)
on the {x} axis and total oil production on the {y} axis.
This allows us to visualize the relationship between
these parameters.
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Table 1 - Displacement characteristics used

Name of the displacement characteristic

Equation

Method of Nazarov S.N. and Sipachev N.V.
[11]

Vo.ext(fw.exp.)zg 1- %E}l_fw)

Dependence of total production on
Ln(WOR)

Qinv:(W-b)/G

Dependence of specific production on total

Qinv=(Qmin‘b)/a

Method of Sazonov B.F. [12]

1 1
Vo.ext (fW.exp.) = E In <W)

Method of Maximov M.I. [10]

1 fw
Voert (Fep.) =210 (W)

Method of Kambarov G.S. [13]

Vo.ext (fw_exp_) =af,

Analysis and interpretation: The resulting graph
is analyzed to identify trends and patterns. In
particular, the shape of the graph, the slope of the
line, and other characteristics that may indicate
production  characteristics and development
efficiency are analyzed.

Use of results: The results can be used to
forecast production based on current WOR data, as
well as to optimize production strategies and make
decisions about further field development.

This method allows us to evaluate the influence
of the water-oil factor on the production process and
to determine the optimal production methods for oil
recovery.

The reserves involved in development according
to this method are determined by the following
formula:

Qin=(w-b)/a (1)

where w is the maximum water cut at the end of
development (98%);

a b are empirical coefficients that are
determined by the linear section of the development
history;

a is the dependence of Ln(WOR) on Qcum;

b is (Ln(WOR)- Qcum)*a, Ln(WOR) and Qum are
average values for the selected period..

The next method of displacement
characterization is an engineering method of
analyzing oil production data, which is based on the
assumption that the production rate decreases over
time according to some law. This method is widely
used in the oil and gas industry to predict future
production, estimate remaining reserves, and
optimize field development strategies [9].

The dependence of specific production (gspec) ONn
total production is one form of displacement
characteristic that describes the change in the rate
of production (specific production) of oil over time as
a function of total production. This is expressed in an
equation of the following form:

Qinv=(qmin'b)/a (2)

where gmin is the minimum flow rate (0.5 t/day);

a, b are empirical coefficients that are
determined by the linear section of the development
history;

a is the dependence of gspec ON Qeum;

b is (qspec-Qcum)*a, Qspec and Qum are average
values for the selected period.

This equation describes the exponential decline
in specific production with increasing total
production. The coefficient b is often called the
decline factor and is a measure of the rate of decline
in production.

This displacement characterization method
allows the parameters of this equation to be
estimated from historical production data and used
to predict future production. It is a useful tool for
field development planning and determining optimal
production strategies.

Method of Maximov M.!. (1959)

A study of the process of oil substitution by
water on a reservoir model, which was presented as
a pipe filled with sand. As a result of this study, an
empirical relationship was found between the
volume of total water production and the volume of
total oil production. Based on the analysis, a method
based on the close relationship between the volume
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of total oil and water production is especially evident
at the final stage of oil deposit development [[10],
[11]].

According to this method, the relationship
between the volume of total water production (Vy)
and the volume of total oil production (Vo) is
described by the exponential function equation:

V,,=ba’e (3)

where V,, is the total water production under
reservoir conditions;

V, is the total oil production under reservoir
conditions;

a, b are empirical coefficients.

This equation of dependence V. = f(V,) when
moving to a linear form is represented by the
dependence

InVw,=aVo+b (4)

where a = In a, andb = In 8 are empirical
coefficients.

According to this method, the dependence is
constructed using semi-logarithmic coordinates Y =
In Vu, X = V,,. The resulting dependence on the final
section is a straight line with an angular coefficient a
= Ina and a segment plotted on the ordinate axis {y}
— b =In 6. A linear segment is selected from the
constructed dependence, according to which it is
necessary to determine the empirical coefficients a
and b. It should be taken into account that this
dependence approaches a linear form on the final
section of the curve. Therefore, for the most
complete reflection of this dependence Vw = f(Vo),
the values corresponding to this final section are
selected. For the given data, the coefficients of linear
approximation a and b are found using the least
squares method. Maksimov M.I. asserts that forcing
liquid extraction and pumping displacement agents
into the formation (specifically when pumping
water) do not have a significant effect on the
straightness of the final section of this DC method.
From this, it follows that this method can be used to
predict the involved reserves in deposits with a
reservoir pressure maintenance system by pumping
water [12].

Let's take a closer look at the capabilities of the
method and its potential.

Let's reduce the equation to the form:
Vi=V,+ baVo (5)

Differentiating for time, we obtain:

dv; _do + d(ba") aVv,
dt dt dv, dt

(6)

av; av,
E=(1+ba‘/° Ina)—2 (7)

Since the change in oil volume relative to the
change in liquid volume is determined by the
function f,, the remaining oil reserves under
reservoir conditions can be calculated by setting the
limiting value of the oil content f,

1=f_+f,a"b Ina (8)

In (/%) =In(a") 9)

1 1f,
Vo Ina In (/o bin a)

Therefore, the involved oil reserves for the
established value of fo will be determined by the
formula:

(10)

1 1-f
Vo.ext (fW.exp) T In (Io)azb) (1)

Thus, the involved oil reserves for a certain
limiting value of water cut f, will be calculated
according to the following expression:

1 fw
Vo.ext (fw.exp) T In ((1-fw)aeb) (12)

where a and b are the linear approximation
coefficients, which are determined using the least
squares method.

The predicted total volume of water production,
corresponding to the value Vo. (fo.exp) OF Vo.(fw.exp), can
be calculated as

VW: aVy+b (13)

The predicted total liquid production volume
corresponding to the value Vo.(fo.exp) OF Vo.(fw.exp), can
be calculated as

V=V, +eVo?b (14)
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Method of Sazonov B.F. (1973)

The method assumes that there is a relationship
between the total oil and liquid production, which is
especially clear at the final stage of oil reservoir
development. This method assumes that the
relationship between the volume of liquid
production (V.,) and the volume of oil production (V,)
is described by an exponential function equation
[13].

V,=ba"° (15)
where Vs the total liquid production under
reservoir conditions;

Vs, is the total oil production under reservoir
conditions;

o, B are empirical coefficients.

This equation of dependence V,, = f (V,) when
moving to a linear form is represented by the
dependence

InVi=aV, + b (16)
where a=Ina, and b=Inf are empirical
coefficients.
The dependence is constructed in semi-

logarithmic coordinates Y =InV|, X=V,. The obtained
dependence reveals the range on which it is
necessary to determine the empirical coefficients a
and b. The obtained dependence approaches a linear
form on the final section, and the values from this
section are used to determine the coefficients. For
the given data, the coefficients of linear
approximation a and b are found using the least
squares method [14].

Differentiating the equation concerning time, we
obtain

dVv; _d(ba"e) _d(ba"?)dv, (17)
dt ~ dt  dv, adt

av v,
E=baV0 Ina=—¢ (18)

Since the ratio of the change in oil volume to the
change in liquid volume is a function of the oil
content, it is possible to determine the oil reserves
at reservoir conditions by setting a limiting value of
the oil content f,.

1=f a"bIna
T\ Vs
In (/oblna)—ln(a )

(19)
(20)

1 1
V,=—In
% Ina ', blna

In this case, the oil reserves in reservoir
conditions for a given value of oil content f, will be
calculated using the following expression

1 1
=2in(—=
a aae

Then the oil reserves for the established
maximum water cut value fw will be determined by
the following expression.

(21)

Voext (Fuexp) (22)

1 1
Vo.ext (fw.exp.) =E In (W) (23)

where a and b are the linear approximation
coefficients, which are determined using the least
squares method.

As a result, it is possible to determine the
predicted total liquid production corresponding to
the values at the given expected water cut

Vo.(fo.exp) OF VO.(fu.exp), as:

V)= eaVo™ (24)

The methods of Maksimov M.I. (1959) and
Sazonov B.F. (1972) have similarities in approach and
therefore are often used in the same areas.
However, the method of Sazonov B.F. (1972) in some
cases shows more resistance to changes in the
system of development of objects than the method
of Maksimov M.I. (1959) [[15], [16], [17]].

Method of Kambarov G.S. (1974)

This method, developed by G.S. Kambarov, is
similar to the method of Pirverdyan A.M. (1970), but
it is based not on the inverse-square, but on a
simpler inverse relationship between V, and V.
Research conducted by the author of this method
revealed a relationship between the total production
of oil and the following type of liquid [[16], [17]].

b
Vo=a+—
v

(25)

where V; is the total liquid production under
reservoir conditions;

V, is the total oil production under reservoir
conditions;

a, b are empirical coefficients.

The equation V, = f (V)) can be applied in two
variants: the first is the original equation proposed
by the author, and the second is the equation
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transformed into a linear form. When transformed
into a linear form, the following dependence can be
presented:

VoVi=aVi+b (26)
Calculations according to this method are
performed as follows. The dependence s
constructed in coordinates Y= V,, X = 1/V, for the
basic method, and in coordinates Y=V, V|, X=V, for
the modified method. The obtained dependence
reveals the range on which it is necessary to
determine the empirical coefficients a and b. For the
given data, the coefficients of linear approximation a
and b are found using the least squares method [16].
Let's study the DC model of Kambarov G.S. in
more detail. Let's reduce the equation to the form:

Vl=a+ Vo—a (27)
Differentiating concerning time, we obtain:
_d (L) 4 (e
dt ~ dt \V,-a/ ~ av, \V,-a/ dt (28)
where u =V, -a.
It follows from this,
ﬂ— - -2 %:- - -2%
G =Cbu?) T2 =b(Vera) e (29)
dv__-b_dv, (30)

dt  (V,-af dt

Since the change in oil volume relative to liquid
volume is a function of oil content, it is possible to
determine the oil reserves in reservoir conditions by
setting a limiting value for oil content.

_ -bfa
" (Voa)?

(31)

Therefore, the volume of oil reserves for a given
oil content value will be determined by this formula:

Vo=a-/-bf,

Thus, the oil reserves for a given water content
limit will be calculated according to this expression

V,=a- \Jbf,b

(32)

(33)

where a and b are the linear approximation
coefficients, which are determined using the least
squares method.

For the models we are considering, the value a
characterizes the maximum possible recoverable oil
reserves with infinite formation flushing. This follows
from the equation: as the oil content tends to zero
fo—=>0, the value V,ext = a, then

Vo.ext.max=0 (34)
The predicted  total liquid recovery
corresponding to the volume V,. can be defined as:
b
Vi=i = (35)
The  predicted total water recovery
corresponding to the volume V,. can be defined as:
b
V=7 5"Vo (36)

The method of Nazarov S.N. and Sipachev N.V.
(1972) describes a direct dependence of the growth
of the water-oil ratio (WOR) on the increase in water
production with an increase in the percentage of
water in the extracted product [[10], [11], [12], [13]].
The higher the total water-oil ratio and the more
stable and uniform the development of the studied
object is, the more appropriate it is to use the
specified methods [[18] [19]].

The equation for this method is written

aS:Vo,ext(fw.maf-):§ (1-\/@> (37)

where a and b are the linear approximation
coefficients, which are determined using the least
squares method.

To find the coefficients a and b, the last points
are used in all cases, allowing the methods to be
reduced to a single approximation period. The
number of points is chosen arbitrarily (at least 5),
mainly from the condition that the dependence
section could be linearly approximated with a high
degree of reliability (R?), i.e. determine the equation
of the linear dependence between {x} and {y}.

In order to track the migration of fluids in the
reservoir, experimental studies are conducted on
physical models of the productive formation to
determine the coefficient of oil displacement by
water, relative phase permeability, capillary
pressure and wettability of rocks in the X field.

This subsection analyzes special well studies. The
following is an analysis of the experimental results.
Table 2 presents the set of special studies and the
number of samples used.
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Table 2 - Types of special studies conducted

Type of Research Quantity
Capillary pressure curves. sample 4
Relative phase permeability in the oil-water system. model/sample 3/9
Oil displacement coefficient by water. model/sample 4/11

Table 3 - Relative permeability in the water-oil system

Core data Results of the experiment
c o o 3 9
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Figure 1 — Relative permeability curves for oil and water
Determination of relative phase permeabilities The intersection of the relative phase

in the oil-water system. The experiment was
conducted on 3 models of 9 core samples. The final
results of the experiment are presented in Table 3.
[17].

Based on the results of determining the relative
permeabilities, the residual water saturation varies
within the range of 0.246-0.297 units, averaging
0.277 units. The relative permeability curves are
shown in Figure 1.

permeability curves on the samples characterizes
the rocks as hydrophilic.

Determination of the displacement coefficient in
the oil-water system. The oil displacement
coefficient was determined for 11 samples, from
which 4 reservoir models were assembled. The oil
displacement coefficient varies in the range of
0.60+0.80 fractions of a unit, averaging 0.73
fractions of a unit (Table 4) [[20] [21]].
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Table 4 - Results of determination of the coefficient of oil displacement by water
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o 3 pe ks
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4]
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851.07; 852.44;
4 250 o 35.49 1626.67 0.263 0.147 0.801
5 853.73; 854.06; 33.89 1449 0.282 0.209 0.709
856.6
889.88; 890.38;
8 ool oa 36.24 1176.33 0.251 0.154 0.79
6 850.05; 852.18 31.69 1185 0.27 0.294 0.597

Table 5 - Characteristics of oil displacement by water in productive formation zones

Name of quantities
Permeability, 103 um?
Bound water content, units
Initial oil saturation, units.

Relative permeability values,
units.

Residual oil saturation during
agent, units.
residual oil saturation

for the working agent at
for oil at saturation with bound
water

Number of definitions 5 5 5

Average value 1558.8 0.269

0.731

'g u1| displacement of oil by the working
;:‘. u1| Oil displacement coefficient, units.

o
O
o

3 0.185

Table 5 shows the characteristics of oil
displacement by water in the zones of the productive
formation.

This table uses data on the oil displacement
coefficient by water and relative phase permeability.

According to the results of the experiment, the
Swir values vary from 0.246 to 0.287 fractions of
units, the average value is 0.269 fractions of units,
Sor — from 0.147 to 0.294 fractions of units and is
characterized by an average value of 0.209 fractions
of units. The values of the oil displacement
coefficient by water vary from 0.597 to 0.800
fractions of units, averaging 0.713 fractions of units.

Based on the acquired knowledge of constructing
displacement characteristics and analyzing the
current state of development for assessing the
recoverable oil reserves involved in development,
displacement characteristics were constructed using
the methods of Nazarov S.N. and Sipachev N.V., the
dependence of total production on Ln(WOR), the
dependence of specific production on total,
Maksimova M.l., Sazonova B.F., Kambarova G.S.
[[10], [11], [12], [13]] The calculation results for the
objects are presented in Table 6 and Figures 2-4.
These methods assume the determination of the
reserves involved by the final stage of development
under the existing system.
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Table 6 - Estimated involved oil reserves and recovery factors by sites

Sites
Indicators | " i Total
Approved OGR, thousand tons 24471 5677 1627 31775
Approved LWR, thousand tons 12317 3323 1032 16672
Approved ORF, units 0.503 0.585 0.634 0.525
Cumulative production, thousand tons 11842 3152.7 765.7 15761.3
Current ORF, units 0.484 0.555 0.471 0.496
Selection from LWR, % 96.2 94.9 74.2 94.5
Estimate of recoverable oil reserves, thousand tons 475 170.3 263 911
Involved reserves, thousands of tons 13446.1 3610.6 1202 18259
Potential ORF, units 0.549 0.636 0.739 0.575
Potential estimate of recoverable oil reserves, thousands of 1604.1 4579 433 2495
tons
reserves 13350 3291 1495 18136
Dependence of total production on Ln(WOR) ORF 0.546 0.580 0.919 0.571
reserves 12942 3910 977 17829
Dependence of specific production on total ORF 0.529 0.689 0.600 0.561
. reserves 13640 3662 1249 18552
Methodology of Maximov M.I. ORF 0.557 0.645 0.768 0.584
reserves 13796 3670 1248 18714
Methodology of Sazonov B.F. ORF 0.564 0.647 0.767 0.589
reserves 13502.4 3574 1044 3555
Methodology of Kambarova G.S. ORE 0.552 0.630 0.641 0.570

Site | of the X deposit

The main object at the field is Site I, which
contains 74% of the initial recoverable oil reserves of
the entire field. The total drilled stock of Object | is
177 wells. As of 01.01.2024, the current operating
stock for the object is 89 wells, of which 74 are
producing and 15 are injection wells. The cumulative
oil production is 11,842.9 thousand tons, the
production from LWR is 96.1%, and the water cut of
the production has reached 90.8%. The current oil
recovery factor is 0.484 shares of units, with the
approved one being 0.503 shares of units.

Site | is at the final IV stage of development, and
the staging of this object, as well as the deposit as a
whole, differs in some way from the accepted
classical schemes: a very short period of stage Il
development and a long period of development at
the final stage, which has already lasted almost 30
years, while, despite the long time, less than 20% of
the accumulated production for the object as a
whole has been extracted during the period of stage
V.

A significant period of stable development of the
field is also accompanied by the stabilization of
the water cut of the extracted products, which
creates prerequisites for constructing very reliable

characteristics of displacement and more accurate
determination of reserves involved in development.
Reserves involved in development today are
determined based on the average result of
construction for various characteristics. The use of
the arithmetic mean value for determining the
involved reserves is because similar values were
obtained by all methods.

The calculations were complicated by the last
few years of development, during which there has
been a decrease in water cuts and an increase in
annual oil production. Such changes are explained by
an increase in the stock of production wells: in the
period from 2017 to 2023, 20 new wells were put
into operation at the 1st facility (from drilling,
conservation, and transfer from other facilities).

The results of constructing displacement
characteristics show that the involved reserves
amount to 13.5 million tons, which is approximately
10% higher than the approved recoverable reserves.
Looking ahead, it can be said that some excess of the
projected accumulated oil production over the
approved recoverable reserves is also confirmed by
the results of calculations of the predicted
technological indicators of development.

— 23
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Figure 2- Characteristics of displacement by Site |

To begin with, in order to understand whether it
is possible to achieve the obtained involved reserves
based on the calculation results for all three objects,
a calculation of the base production was performed,
i.e. continuation of the development of the field with
the existing fund while maintaining the current
decline in oil production to the maximum water cut
of 98%.

To find the rate of decline for operational sites |
and Il (for site Il it is given above as an example), oil
flow rate graphs were constructed and the rate of
decline for the last years was determined by the
exponential trend. Figures 2 and 3 show the graphs
for determining the rate of decline for the historical
flow rate for | and Il objects.

0.3

0.0

Blasingame
"
y * 0,000084x + 0,013267 .I
R = 0,995755 /
/ ’
S00 1000 1500 2000 2500 3000
Na/q.
2she entire development period « the adaptable period
Maximov's method

y = 0,000392x + 6,399400
R < 0,991989

2000 4000 6000 8000 10000 12000
She entire development period + the adaptable period

y*13,53x- 138159

3 500

14000

R=

[¥]
-

07878

y = 3,0489¢ 001

Figure 3 — Determination of the decline rate based on
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the historical oil flow rate of Site |
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Figure 4 - Determination of the decline rate based on the
historical oil flow rate of Site Il

The rates of decline in oil production determined
from the charts were incorporated into the
calculations of the predicted technological
indicators. A specially developed template in the

program «Microsoft Office Excel» was used to
calculate the technological indicators.

I site of the deposit X

According to the results of constructing the
displacement characteristics, the involved reserves
are higher than the recoverable reserves by 9.2%,
which indicates that with the current development
system, it is possible to achieve the approved values
of the recovery factor for the object. From the
presented Table 6 it is also clear that the predicted
cumulative production upon reaching the maximum
water content (98%) will exceed the recoverable
reserves by 5.9% and will amount to 13,043
thousand tons with the approved 12,317 thousand
tons, the difference in the calculations is only 3.3%,
which, taking into account the long period of
development and no less long forecast period, can
be considered an error.

Table 7 - Example of determining the initial flow rate of horizontal well Ne 303

Initial data for calculating the flow rate of the HW
c 0.05 coefficient when using commercial units
u 2.25 liquid viscosity, cP
reh 200.0 power circuit radius, m
re 0.10 wellbore radius, m
Bo 1.12 volumetric coefficient
L 450.00 horizontal wellbore length, m
S 0.00 skin factor
Calculation
Kh Kv h Preservoir Pbotf:mho a b Qliquid
24 0.241 15 109.3 82 269.53 3.16 19.1
Total
Predicted initial water cut, % 15.0
Estimated initial oil flow rate, t/day 11.8

Table 8 - Well commissioning schedule for object |

Years Site Activity Well Ne Initial oil flow rate, t/day
2026 " Input from'v'ertlcal 300 95
well drilling
5027 " Input from.v.ertlcal 301 9.0
well drilling
2028 1 Input from horizontal 302 11.4
well drilling
2028 " Input from l?o.rlzontal 303 11.8
well drilling
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To calculate the initial flow rate, the Joshi
formula was used:

K,hAP

a+_JaZ-<L/2>2]+BL_hln Bh +1}

Q:

HB,{In | ——7> B+,

(38)

0,5
L 21\
a=>[0.5+ f0,25+( Lh) g Ko
K,
where:

W — fluid viscosity, cP;

ren — feed contour radius, m;

r. —wellbore radius, m;

B — volumetric coefficient;

L — horizontal wellbore length, m;

S — skin factor;

Kh — horizontal permeability, mD;

Ky — vertical permeability, mD;

h — effective oil-saturated thickness, m;
AP — depression.

For example, below is an example of determining
the oil flow rate of the project horizontal well Ne 303
using the Joshi formula, presented in Table 7.

Table 8 shows the well drilling schedule according to
the recommended option for object IlI.

As a result of drilling horizontal and vertical wells
at the | object and subsequent calculations of
technological development indicators, we observe
an increase in annual oil production volumes and oil
recovery factor (ORF). In particular, ORF increased
from 0.580 to 0.720 with a maximum water cut of
98%. These calculations indicate the technological
efficiency of the well drilling activities at the | object.

Conclusion

In today's energy sector, effective management
of residual reserves in the late stages of
development is becoming critical. Residual oil
reserves not only ensure energy security but also
contribute to the economic sustainability of regions
and countries.

A key aspect of managing these reserves is to
predict their involvement in development at later
stages of the field life cycle. For older fields, where
the creation of hydrodynamic models is impractical,
various analytical and mathematical models are used

to analyze and design development. These models
are diverse and can be applied to different fields and
stages of development.

In this case, the emphasis is on displacement
characteristics (DC), which are a powerful tool for
analyzing data and identifying patterns in changes in
residual reserves. The use of statistical models allows
us to assess the current state of residual reserves
and predict their behavior in the future, which is a
key element for effective production management.

In the course of this article, a comprehensive
analytical study of the current state of field
development was conducted. The results of the
analysis indicate that there is a lag in the
development of reserves at site lll. Also, in the
process of determining the involved reserves, it
became clear that with the current development
system, achieving the approved recoverable
reserves is impossible. In light of the above factors,
specific measures were proposed aimed at achieving
and ensuring recoverable reserves. The results of the
technical and economic assessment showed that
due to the implementation of the proposed
measures, it was possible to extend the profitable
period of field development.

Most of the methods and technologies for
influencing the deposit are already known and are
actively used in various countries. However, the
effective use of these methods depends on the
choice of optimal approaches corresponding to a
specific deposit. To make such a choice, it is
necessary to have sufficient knowledge of the
geological and physical characteristics and correctly
represent the geological and industrial model.
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KeH opblHAApPbIHbIH COHFbI CaTblAaFbl KaNAblIK KOPaapbiH
urepyre KartbiCTbipyAabl 60n3Kay

Monpabaesa I'.}K., CyneiimeHosa P.T., 3Typaues M.®., “3dpenaues .M., *Kosnosckuii AJ1.,
Tysen6aesa LL.P., 26epkanuesa I'.I'., Kakcbiabikosa M. XK.

1 Cam6aes yHusepcumemi, Anmamsi, Kazakcmat
2Cagpu ®mebaes amoiHOarbl Ambipay MyHal #aHe 2a3 yHusepcumemi, Kazakcmax
3CamapkaH memaekemmik yHugepcumemi, ©36ekcmaH
193ipbalincaH ¥nmmeoiK Foinbim akademusceiHbiH MyHall #aHe 2a3 uHcmumymel, baky, d3ipbalixaH

TYAIHAEME

JHepreTMKa CanacbiHblH, Kasipri Kesgeri KafpalblHAA WrepyaiH, COHfFbl KeseHAepiHAeri KeH
OPbIHAAPbIHBIH, KaNAbIK KOpAapbiH TMiMAi 6ackapy e3ekTi macenere aHanbin oTbip. MyHalapiH,
KaNAblK KOpAapbl TEK SHEPreTUKabIK Kayinci3aikTi KamTamachi3 eTyae faHa emec, COHbIMEH KaTtap
aiMaKTap MeH MeM/IeKeTTePAiH S3KOHOMMKANbIK TYPAKTbIIbIFbIH KalbINTacTbipyAa WeLyLi pen
atkapaabl. Kangpik Kopnapabl 6ackapyabiH, Herisri acnekTinepiHiy, 6ipi onapapiH, KEH OPHbIHbIH,

Makana kengi: 21 Koipkyiiek 2024 OMIpAiK UMKANIHIH, KeWiHri Ke3eHaepiHae urepyre KatbiCyblH 60/mkay 60/1bin Tabblnagpl. ToNbIK
CapantamagaH eTTi: 24 KasaH 2024 reonoruAnbIK-ruapoavHaMuKkanbik mogenb (MMAM) Kypy Tmimcis 6onbin TabblnaTbiH ecki KeH
Kabbinganapl: 6 kapawa 2024 OpbIHAAPbIHbIH,  6onybl, Tangay MeH a3ipney 6apbicbiHAa TypAi  aHaNUTUKaNbIK  KaHe

MaTemaTuKanblk MOAeNbAepAi KoNAaHyAbl Tanan eteai. MyHAal caHanyaH Moaenbaep eTe Ken,
6yn onapabl SPTYPAi Cananapaha KoHe AaMyAblH SpTYpi Ke3eHAepiHAe KONAAHYFa MYMKIHAIK
6epeai. KenTereH caHAapblK MogenbAepAiH MblHagaW epekweniktepiH atayfa 6onagbl, onap:
KapanarbiMablnbiFbl GOMbIHWA; KypAeni OU3MKanbIK KaHe TexHONOruAnblk $bopmMynanapabiH,
60nMaybl 6OVbIHLIA; SPTYPAI CaHATTaFbl KEH OPbIHAAPbI YWiH KeHiHEH KOoNAaHblnybl 60oibIHLWA;
JKOHE KeH OpPHbIHbIH, TFeONOrUANbIK-GU3NKALIK CUMNATTAMANAPbIH erken-Terkenni 3eptreyai
KaXKeT eTneyi 6oMbIHWa epekweneHeai. bi3ain, afaanaa 6i3 Kanablk Kopnapaafbl e3repicTepain,
3aHAbIIbIKTapbl MeH TeHAEHUMANAPbIH aHbIKTayFa MYMKiIHAK BepeTiH KyaTTbl AepeKTepai Tanaay
Kypanbl 60/1biN TabblNaTbiH bIFbICTbIPY cMNaTTamanapbl (6yaaH api - bIC) Typanbl aiTbin OTbIPMbI3.
CTaTUCTMKaNbIK MOAENbAEPAl KONAAHY KanAblK KopnapAblH afbimaarbl KyWiH bafanayfa faHa
emec, COHbIMEH KaTap o/apAblH, GonalaKTasbl ic apeKeTiH 6oskayFa MyMKIHAIK 6epepgi, byn
eHAjipicTi TMiMai 6ackapyablH, Heri3ri anemeHTi 60/1bIn Tabbliagbl.
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MporHo3npoBaHue BOBNIEYEHHOCTU B pa3paboTKy OCTaTOUYHbIX 3aNacoB

MeCTOpPOXAEeHUA Ha No3aHel cTaaumn

* Monpabaesa I. XK., 2CyneiimeHosa P.T., Typaves M.®., “ddpenaues .M., *Kosnosckuii A.N.,
Tysenbaesa LU.P., 26epkanuesa I'.I'., Xakcbinbikosa M.XK.

1 Satbayev University, Aamamel, KazaxcmaHx

2Ameipayckuli yHusepcumem Hepmu u 2aza umeHu Cagpu Ymebaesa, Kazaxcmat

3CamapraHAcKuli 2ocydapcmeeHHbil yHusepcumem, Y3bekucmaH

“UHcmumym Hepmu u 2a3a HayuoHansHoli akademuu Hayk AsepbaliorcaHa, baky, AsepbaliorcaH

Moctynuna: 21 ceHmabpa 2024
PeueHsnpoBaHue: 24 okmabpa 2024
MpuHATa B NeyaTb: 6 HOA6PA 2024

AHHOTAUMUA

B coBpeMEHHOM KOHTEKCTE SHEPreTUHECKON MHAYCTPUM, 3GPEKTUBHOE YNIpaBNeHME OCTaTOYHbIMU
3anacamu MeCTOPOXKAEHWUIM Ha NO3AHUX CTaaUAX Pa3paboTKM CTAHOBUTCA BOMPOCOM KPUTUYECKOM
Ba)KHOCTU. OCTaTouHble 3amacbl HepTU WrpaloT KAKOYEBYID PO/Ib HE TOMbKO B obecneyeHun
3HepreTUyeckoii 6€30nacHoCTH, Ho 1 B GOPMUPOBAHNM SIKOHOMUYECKON YCTOMYMBOCTM PETMOHOB
n rocygapcts. OAHUM M3 OCHOBHbIX aCMeKTOB YNpaB/iEHUA OCTaTOYHbIMM 3anacamu ABAAETCA
APOrHo3npoBaHne MX BOB/EYEHHOCTU B paapa60TKy Ha NO34HWUX 3TanaX XW3HEeHHOro UWKNa
MeCTOpOoXKAeHUA. Hannune cTapbiXx MECTOPOXKAEHUIA, NOCTPOEHUE TMAPOANHAMMUYECKOW MOAENM
Nno KOTOpbIM HelenecoobpasHo, 0bycnoBAMBaEeT NPUMEHEHME PA3NUYHbIX AHANUTUYECKUX U
MaTeMaTUUYECKMX MOAEeNeld Npu aHanvM3e W NPOEKTUPOBaHMM pa3paboTku. PasHoobpasue
nofo6HbIX MoAenei BeNMKO, YTO NO3BOAAET MPUMEHATL UX K PasNNYHBIM MECTOPOKAEHMAM U Ha
Pa3NNYHBIX CTAaAMAX PaspaboTKu. M3 MHOMKECTBA UMCNOBbIX MOAENEN MOXHO BbIAENUTb TaKue,
KOTOpble OTAMYAOTCA: MNPOCTOTOM WCMO/Nb30BAHUA; OTCYTCTBMEM C/OXHbIX (U3UMYECKUX U
TEXHONOTMYEeckUX  GOpPMyA;  LUMPOKOW  MPUMEHMMOCTBIO  ANA  Pas/IMYHbIX  KaTeropui
MECTOPOXKAEHUIA; @ TaKkKe OTCYTCTBMEM HE0b6XOAMMOCTU [AeTasbHOM M3y4eHHOCTU reosoro-
$UM3NYECKOM XapaKTEPUCTUKU MECTOPOXKAEHUA. Peub B Halem Caydae MAET O XapaKTepUCTUKax
BbITeCHeHUA (fanee-XB), KOTopble NPeACTaBAAIOT COBOW MOLLHBINA UHCTPYMEHT aHanu3a AaHHbIX,
KOTOpbIK NO3BONAET BbIABAATL 3aKOHOMEPHOCTU WU TEHAEHUMW B WM3MEHEHWAX OCTaTOUHbIX
3anacos. an/IMEHEHVIe CTaTUCTUYECKUX MO,D,Eﬂeﬁ no3BO/IAET He TO/IbKO OUEeHUTb TeKyllee
COCTOfIHME OCTATOMHbIX 3aMacoB, HO U MPOrHO3MPOBATb UX NOBeAEeHME B ByayLLem, YTO ABAAETCA
KNto4eBbIM 31eMeHTOM 3GDEKTUBHOIO yNpaBAeHUs A06bIYeN.

Kntovesbie €108a: MeCTOPOXKAEHME, CKBAXKMHA, XapaKTEPUCTUKN BbITECHEHUA, MOAeNb, A06blva,
aHanu3 fobblun.
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Features of extraction of neodymium ions by interpolymer systems based
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ABSTRACT

This research aimed to study the effect of remote interaction and mutual activation between
salt forms of AB-17-8(Cl’) and KU-2-8(Na*) ion exchange resins on the sorption of neodymium
ions. The concentration of neodymium ions was determined using a spectrophotometer based
on the interaction with the colored arsenazo (Ill) reagent. The degree of extraction of
neodymium ions during sorption and the degree of extraction of this metal during desorption
from the polymer matrix was calculated. The influence of the choice of sorption mode on the
efficiency of neodymium extraction is studied: dynamic (with mixing of the solution from which
the metal was extracted) and static (without mixing). Based on the obtained dynamics of
processes, it is established that when mixing the solution (the range of mixing speed is 40-80
rpm) the equilibrium between sorption and desorption of the metal is established after 6 hours
of interaction. Also, in the dynamic mode, the target metal was sorbed much better than in the
static mode, affecting the amount of metal ions obtained during desorption. It was found that
the maximum degree of neodymium ion sorption in the interpolymer system is observed at a
5:1 hydrogel ratio and 48 hours of remote interaction without mixing. It is 42.8 mg/| of the
residual concentration. In the dynamic mode, the maximum sorption is observed for the initial
cationite, with a residual concentration of 8.28 mg/l. When calculated per 1 mol of cationite,
the effect of mutual activation of hydrogels is visible, which is proved by the tendency to
increase the degree of neodymium sorption from the ratio of 6:0 (the initial cationite) to 1:5. A
significant increase in the sorption of neodymium ions is observed in various molar ratios of
ionites. These results indicate the appearance of ionized structures that form conformations
that provide optimal conditions for the sorption of neodymium ions from an aqueous solution
of its salt, which can serve practical purposes for its selective extraction from industrial
mixtures. The necessity of metal extraction by hydrogels in dynamic mode is established for
faster operation of industrial plants and more complete metal binding by polymer matrices.

Keywords: interpolymer system, neodymium ions, mutual activation, AB-17-8(Cl-) and KU-2-
8(Na*) ion exchangers, remote interaction.
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Introduction

wind turbines and hybrid cars, and electric motors
in conventional electric vehicles, in addition,

Rare earth metals (REM) are a strategic raw
material due to their unique properties. Kazakhstan
has significant reserves of rare-earth minerals [1].
Neodymium is a white plastic metal and its ion Nd3*
has a purple-pink color. Neodymium compounds
are chemically similar to compounds of lanthanum
and other rare earth elements [2]. Due to its close
ionic radius, it is difficult to selectively isolate
neodymium from a mixture with other rare-earth
metals, but modern production cannot do without
this metal. Small and powerful magnets are used in
computer speakers and hard drives, magnets for

permanent magnets based on neodymium iron and
boron are also used in sound system speakers. The
production of colored glass and fluorescent lighting,
laser rangefinders, and guidance systems in the
defence industry are also relevant areas, where this
metal is used [3].

Previous studies on intergel systems have
shown that the mutual activation of hydrogels
significantly affects the change in electrochemical,
volume-gravimetric, and sorption properties
concerning REM [[4], [5], [6], [7]]. This work aims to
find out the conditions for maximum sorption of



https://doi.org/10.31643/2026/6445.03
https://orcid.org/0000-0001-9505-3719
https://orcid.org/0009-0008-6030-052X
https://orcid.org/0009-0008-6030-052X
https://creativecommons.org/licenses/by-nc-nd/4.0/

KomnnekcHoe Mcnonb3osaHne MuHepanbHoro Coipbsa. No1(336), 2026

ISSN-L 2616-6445, ISSN 2224-5243

neodymium ions from solution for its possible
subsequent selective extraction from industrial
mixtures.

Experimental part

Equipment. The mass of the sorbents was
determined by weighing on a Shimadzu TX423L
electronic analytical balance. The optical density of
neodymium nitrate solutions was determined using
a CPC-3 photocolorimeter.

Materials. The studies were performed in
solutions of 6-water neodymium nitrate (Nd**
concentration = 100 mg/l). Industrial ion
exchangers in the salt form were used: strong-base
AB-17-8(ClI) and strong-acid KU-2-8(Na*). To
conduct the study, these hydrogels were used to
make interpolymer systems with different molar
ratios of cationite and anionite.

Experiment. The experiments were performed
at room temperature. lon exchange resins KU2-8
(Na*) and AB-17-8 (CI') were used in the dried state
to study the sorption of neodymium ions. The
presence of moisture in KU-2-8 (Na*) was 17%, and
AB-17-8 (CI) was 32.34%. Studies of the
interpolymer system were performed in the
following order: each ion-exchange resin in dry
form was placed in separate polypropylene meshes,
in different molar ratios. Then polypropylene
meshes with ion-exchange resins KU2-8 and AB-17-
8 were placed in glasses with neodymium nitrate
solutions (200 ml each). The first experiment was
conducted in dynamic mode with active mixing of
the working solution (mixing speed range: 40-80
rom) with polypropylene meshes containing
hydrogels. To study the dynamics of metal sorption,
aliquots were selected after 1, 6, 24, and 48 hours
to determine the residual concentration of the
metal. Desorption was performed using nitric acid
(2%) for 72 hours. The same procedure was
performed in static mode (without active mixing).

Method of determination of neodymium ions.
The method for determining neodymium ions in
solution is based on the formation of a colored
complex compound of the organic analytical
reagent arsenazo Il with rare earth metal (REM)
ions [8].

Results and discussion

Today, a lot of research is aimed at finding new
ways to efficiently and selectively recover rare

earth metals from primary and secondary sources.
In the review work [9], the authors note that REMs
are the most important strategic resources and the
role of recycling for the production of these metals
has increased. Hydrometallurgical methods and
extraction are wused all over the world to
concentrate rare earth metals, but ion exchange
sorption processes are becoming increasingly
popular due to their simplicity and environmental
safety. The authors also provided an overview of
existing ion exchangers that have already been
successfully used to separate target metals from
impurities, emphasizing the cost-effectiveness of
sorption in modern production.

Study [10] presents a promising process for
extracting rare earth metals from silicate ores.
Autors provided direct leaching and acid baking
using sulfuric acid. The influence of sulfuric acid
concentration, leaching temperature and the
influence of solid to liquid ratios were studied. As a
result, leaching with sulfuric acid in the presence of
hydrogen peroxide made it possible to isolate 80-
90% of rare earth metals from silicate ore. This
study is important since few works are devoted to
the extraction of rare earth metals from this type of
raw material, while further development is
necessary related to the heat treatment of silicate
raw materials before leaching with acid.

In another article [11] a method was developed
for the recovery of rare earths from the green lamp
phosphor by dissolution in concentrated
methanesulphonic acid. Using this reagent, it was
possible to achieve high leaching efficiency: (74%
Th, 78% Ce and 95% La) in a relatively short time (1
h). The process itself was carried out under milder
conditions (low temperatures) in comparison with
existing methods. Further extraction procedures
are required for further separation of the obtained
rare earths.

Methods for using ionic liquids for isolating rare
earth elements and selectively separating them
from each other have been actively developed
recently. For example, article [12] describes the
separation of lanthanum, samarium, and
neodymium ions from cobalt and nickel ions using
an ionic liquid trihexyl(tetradecyl)phosphonium
nitrate. According to the authors' conclusions, using
an ionic liquid it is possible to separate rare earth
metals from cobalt and nickel up to 99%. In
addition, the ionic liquid itself can be regenerated
using distilled water. The authors also provided a
theoretical basis for the extraction mechanism. This
technology will have a major impact on the
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recycling of samarium-cobalt magnets and nickel
metal hydride (NiMH) batteries.

The effectiveness of various factors on the
extraction of both individual ions and mixtures of
rare earth metals was studied in [13]. Researchers
used ionic trihexyltetradecylphosphonium  3-
hydroxy-2-naphthoate, and water solutions of La,
Ce, Nd, Ho and Lu. By changing the extraction
conditions, it was found that the best extraction
was observed at pH 2.5. An increase in temperature
from 20 to 30 degrees also had a positive effect on
the efficiency of extraction, while the process of
establishing equilibrium occurred quickly (6 hours).
According to the authors, during desorption (0.5 M
nitric acid), satisfactory results were observed for
lanthanum and lutetium. Further improvements to
such methods are needed, especially to increase
desorption rates and selectivity.

Sorption is a promising process in the isolation
of rare earths due to its simplicity, economic
feasibility and environmental tolerance. For
example, article [14] describes the sorption of
lanthanum ions using oxidized and non-oxidized
multi-walled carbon nanotubes. According to the
data obtained, both sorbing materials are suitable
for industrial use for the production of lanthanum.
Various factors, such as solution pH, temperature
and stirring speed, influenced the time to establish
equilibrium and the amount of target metal
recovery. Desorption can be carried out with
sulfuric acid.

The most affordable and simple sorbents are
industrial ion exchangers. Thanks to the huge
variety of ion exchangers on the market, it is
possible to select such systems and conditions (pH,
temperature, ionic strength, movement speed, etc.)
that will be most effective for maximum sorption of
target metals, and in some cases, their selective
separation from each other. A lot of work has been
done in this area [[15], [16], [17], [18]].

In research [19], cationites with various
functional groups were compared, as well as
bifunctional cationites in REM sorption. Acidic mine
waters acted as a secondary source of rare earth
metals. At the same time, it was necessary to
separate the target metals from the transition
metals, in particular from the excess of iron. As a
result, the authors found that cationites with a
sulfogroup extract REM more selectively, especially
at low pH values. At the same time, bifunctional
resins (sulfonic and phosphonic functional groups)

showed better results than monofunctional
aminophosphonic resins.

Sparsely cross-linked polyelectrolytes were
used in this study. Polymer networks of hydrogels
have a three-dimensional structure, the structure
of which is partly determined by the degree of
crosslinking with special compounds. As a result of
crosslinking between linear chains, covalent bonds
are formed and the material becomes elastic, which
is quite important in the technical practice of metal
extraction, it becomes insoluble in water. KU-2-8
and AB-17-8 are representatives of strongly acidic
and strongly basic polyelectrolytes (PE). These PE
elements are dissociated in an aqueous medium, as
a result of which charges of the same name are
formed on the polymer matrix and repel each
other. In this regard, the polymer changes its
conformation and swells due to the unfolding of
the chain [20]. The change in the conformation and
swelling of PE occurs up to certain limits and
depends on many factors (the degree and constant
of dissociation of PE, ionic strength of the solution,
temperature, pH of the medium). It is also possible
to assume that the restriction of further changes in
the polymer matrix is a cloud of counterions that
have a screening effect. Therefore, when these
stabilizing ions are removed, the conformation of
the material can be further changed. Such a
procedure is possible based on the" remote
interaction effect", which consists of the effect of
two hydrogels of different nature placed in a
common water environment on each other, and
separated to exclude their direct interaction.

Based on this phenomenon, it is possible to
influence the conformational properties of two
hydrogels by changing their molar ratios in the
aqueous medium where the target ions are located
that need to be sorbed. The objectives of this paper
are: to find out how conformational changes based
on the "long-range effect" affect the sorption
efficiency of neodymium ions; to find out the
features of sorption of this ion in static and
dynamic modes. The results obtained in studies of
the pH, electrical conductivity, and degree of
swelling of samples in in the works mentioned
earlier, can be used as evidence of changes in the
properties of polyelectrolytes during mutual
activation. The results obtained can be explained by
the formation of uncompensated charges at the
interstitial links of individual hydrogels as a result of
their mutual activation. Such changes increase the
potential of PE in the sorption of REM ions. Thus, it
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was confirmed in [21] that the remote interaction
of polymers in the intergel system KU 2-8 cationite
and AB-17 anionite provides mutual activation of
these macromolecules with subsequent transition
to a strongly ionized state. The maximum sorption
of yttrium ions was observed at molar ratios of
KU2-8:AB-17-8=3:3 in comparison with individual
sorbents. In another study [22], electrochemical
properties of polyacrylic acid and
polyethyleneimine were studied by conductometry
and pH metry to predict the possibility of mutual
activation of polyacrylic acid and
polyethyleneimine. When pH is measured after 24
hours, the acidity index has the lowest values,
indicating a high content of H* ions in the aqueous
medium. Accordingly, the specific electrical
conductivity reached its maximum value at the
ratio of 3:3 (gPAK: gPEl), which coincides with the
result of the pH measurement. The obtained data
indicate  that significant changes in the
electrochemical and conformational properties of
the initial macromolecules occur in this
interpolymer system.

Tables 1 and 2 show the results of sorption of
neodymium ions from its solution with a
concentration of 100 mg/l. The residual
concentration was determined every 1, 6, 24, and
48 hours after the start of sorption. According to
numerical data, there is a clear difference in the
rate of metal sorption depending on the choice of
the mode (static or dynamic). The best indicator of
neodymium sorption in both modes is observed at
the ratio of cationite and anionite 5:1 (Fig. 1, 2).
This may mean that it is precisely at this molar ratio
that the PE conformation acquires the optimal
structure for neodymium sorption.

Table 1 - Dependence of neodymium sorption on time in
static mode (residual concentration) Cinit. = 100 mg/I.

Ratios of KU2- 1h. | 6h. | 24h. [ 48h
8(Na*): AB-17-

8(cl)

6:0 80.96 | 83.4 | 69.57 | 56.96
5:1 79.75 | 77.75 | 58.95 | 42.8
4:2 81.96 | 82.18 | 73.66 | 62.71
3:3 81.29 | 84.17 | 75.87 | 67.9
2:4 82.18 | 81.74 | 76.989 | 68.79
1:5 82.73 | 83.95 | 78.09 | 73.55
0:6 82.29 | 87.71 | 84.16 | 83.62

Table 2 - Dependence of neodymium sorption overtime
in dynamic mode (residual concentration) Cinit. = 100
mg/I.

The ratios of 1h 6h 24 h 48 h
KU2-8(Na*):

AB-17-8(CI')

6:0 45.896 | 8.727 8.727 8.28
5:1 42,79 | 12.157 | 12.046 | 11.825
4:2 65.9 30.96 29.74 27.86
3:3 52.42 38.15 38.6 38.04
2:4 74.325 | 47.334 | 50.98 47.99
1:5 82.06 | 71.227 | 69.789 | 75.76
0:6 84.72 84.39 86.05 | 84.059

In the dynamic mode of neodymium sorption,
the equilibrium is established after 6 hours, and the
metal concentration in the solution practically does
not change. In static mode, the concentration
gradually decreases during the entire 48 hours of
the process, while the completeness of extraction
does not reach the same values as with mixing.

Sorption of Nd3+ ions by the interpolymer system:

C wmr/n
90 KU-2-8(Na*):AV-17-8(CI"), C;, (Nd*)=100 mg/I
*
.\‘ 7"4
801 '77;;’Tfj_—r—r—"""""‘ ~
. o / —=—1h
70 . S
- A\ . . - 24 h
AN
\\ ~ v 48h.
° v
60 L

50

40

ratio

6:0 5:1 4:2 33 2:4 15 0:6

Figure 1-Residual concentration after static
neodymium ion sorption

Sorption of Nd3+ ions by the interpolymer system:

C mg/l KU-2-8(Na*):AV-17-8(Cl), C,yy (Nd®) = 100 mg/l

01 —=—1h.

80 *—6h.
—a—24h.

704 —v—48h.

60

50

40

30

20 A

10 4

0 : ratio

6:0 5:1 4:2 33 2:4 15 0:6

Figure 2 -Residual concentration after dynamic
neodymium ion sorption
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Figures 3 and 4 show the results of desorption
of the target ion. In this case, the maximum
tendency in the polymer ratio of 5:1 is also clearly
traced, which confirms the increased sorption from
the solution in this molar ratio. In this case, the
amount of desorption also depends on the mode of
conducting. When mixing, the desorption rate is
higher. One possible explanation is the following
assumption: KU-2-8, which is mainly desorbed, is a
strongly acidic cationite. When desorbed with nitric
acid, the equilibrium should shift towards the
formation of a weaker acid, but KU-2-8 is also a
relatively strong electrolyte, so the equilibrium will
occur more slowly. Consequently, in the static
mode, the small amount of metal ion extraction is
explained by the kinetic factor, i.e. slower
protodesorption from the polymer matrix. After 72
hours. The maximum amount of desorption during
stirring is 42.46 mg/l, and without stirring-10.28
mg/Il. The second more obvious factor is the greater
sorption of the target ion during mixing, which
means that more metal can be obtained during
desorption.

C mg/| Desorption of neodymium ions from interpolymer. systems:
104 - KU-2-8(Na*):AV-17-8(CI"), no desorption was observed from AV-17-8(Cl")
| —
10,24 /
10,0 4
9,8
9,6
9,44
9,2 \
90+— ; ; ; : —ratio
6:0 5:1 4:2 33 2:4 15

Figure 3 - Static desorption of neodymium ions
from KU-2-8 (Na*)

Desorption of neodymium ions from interpolymer. systems:

C Mg/l y.2-8(Na"):AV-17-8(CI), no desorption was observed from AV-L7-8(Cl)
45 -
40 - /
35 /
30 \
-
25 - —a_
~_
204
15 4
10 T T T T T T ratlo
6:0 5:1 4:2 33 2:4 15

Figure 4 - Dynamic desorption of neodymium ions
from KU-2-8 (Na*)

The degree of extraction (sorption) of
neodymium ions was calculated by the formula:

n= init. resid. % 100%,
Cinit.

where Cint is the initial concentration of
neodymium ions in solution, mg/l; Cresia. is the
residual concentration of neodymium ions in
solution, mg/I.

Figure 5 shows graphs of the degree of sorption
in various modes. Under static conditions, the
maximum degree of desorption is observed in the
ratio of hydrogels of 5:1, while in dynamics the
ratio of 6:0 (only KU-2-8 (Na*) cationite prevails.
This is based on the assumption that only cationite
is sorbed, therefore, a larger amount of it leads to
greater extraction. But comparing the ratios of 6:0
and 5:1, it can be seen that their numerical values
are not very different. Despite the lower amount of
cationite, high neodymium sorption is also
observed due to the mutual activation of hydrogels
in the 5:1 ratio. Mutual activation and thus the
effect on the swelling and conformation of PE on
each other is also proved by the view of the graph
itself. In the absence of the long-range effect, the
degree of extraction with a gradual decrease in
cationite would decrease monotonically and
represent a straight line (not ideal, since the effect
of "polyelectrolyte swelling" will affect).

degree of extrac. % Degree of extraction of Nd3+ ions by the interpolymer system:

100 KU-2-8(Na*):AV-17-8(CI") static and dynamic mode, 48 hours of sorption
904
- —=— dynamic
] —e— static
70 N
N
~
60 RN
A SN
50 N
40+ e \
30 e\
20 LN
Na
10 .
ratio

6:0 5:1 4:2 3:3 2:4 15 0:6

Figure 5 - The degree of neodymium ion extraction
under various conditions

Another important indicator for the industrial
practice of REM extraction is the ability to
effectively desorb these metals from sorbent
matrices. For this purpose, the indicator of the
degree of neodymium desorption from the polymer
matrix KU-2-8(Na+) was calculated in this

— 34 ——
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study*(assuming that the main amount of
neodymium is absorbed by cationite since the
presence of metal was not detected by the method
during desorption from AB-17-8(Cl) with nitric
acid). This value was calculated using the following
formula:

Cdesor.

w = *100%

sorb.

where w is the degree of desorption, Cgesor is
the concentration of desorbed metal, and Csor iS
the concentration of absorbed metal. Cen was
calculated by subtracting the residual ion
concentration (determined on a
spectrophotometer) from the initial ion
concentration.

Figure 6 shows the graph and dependences of
the degree of desorption on the molar ratios of
cationite and anionite. Desorption was performed
for 72 hours with or without stirring. In the 5:1 ratio
with constant mixing, a peak is also observed, and
high values of the degree of extraction during
desorption from the polymer matrix in the ratios of
3:3, 2:4, and 1:5. It can be numerically explained by
the small amount of sorption and relatively good
desorption. For example, in the ratio 6:0, low
desorption is numerically explained by good
sorption and retention of metal in the polymer
structure.

deg. of desor. from  The degree of desorption of Nd3+ ions from the polymer matrix KU-2-8(Na*)

?oal;fris:rsu/ for AV-17-8(CI") no desorption was observed
Q

55 - »
50 4 /[P static
o —8— dynamic

40 4 ~— .
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6:0 5:1 4:2 33 2:4 15

Figure 6 - Degree of neodymium desorption from
cationite in different modes

Since different molar ratios of cationite and
anionite were used in the experiment, it is
necessary to recalculate by 1 mol of the polymer in
order to see the real picture of the degree of
sorption. The need for such a recalculation is clear

from simple logic - if the absorption of a metal ion
occurs mainly due to cationite, then a larger
amount of it will lead to better results. Therefore,
with active mixing in Figure 2, the graph clearly
shows that the lowest residual concentration falls
on the ratio of 6:0, i.e. individual KU-2-8 (Na*). The
highest residual concentration in the dynamic
regime is observed in the ratio 1:5, but this does
not directly mean "worse" sorption, but only shows
that with a gradual decrease in cationite, the
residual concentration increases. When converted
to 1 mol, a completely different picture appears.
Figures 7, and 8 show an inverse trend of increasing
the sorption degree from 6:0 to 1:5 in both modes.
This fact confirms that due to the mutual activation
of hydrogels, their ionization increases, which
contributes to better metal binding. Otherwise,
when converted to 1 mol, the sorption degree
values at 6:0 and 1:5 would have to coincide or at
least be close in values.

The degree of desorption per 1 mol of sorbent of Nd3+ ions

deg. of desor. % ' A - .
with the assumption that only the cation exchanger sorbs (dynamic mode)

per 1 mol
30 4 —=—1h.
/: —e—6h.
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Figure 7-Degree of desorption from cationite in terms of
1 mol (dynamic mode)

deg. of desor. % The degree of desorption per 1 mol of sorbent of Nd3+ ions
per 1 mol with the assumption that only the cation exchanger sorbs (static mode)
3

—=—1h.
v [—*—6h.
254 —4— 24 h.
—v— 48 h.

20

154

10

0 T T T T T T ratio
6:0 51 4:2 3:3 2:4 15

Figure 8-Degree of desorption from cationite in terms of
1 mol (static mode)
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Conclusions

The results obtained reveal several important
points. First, the mutual activation of hydrogels
(cationite and anionite) generally results in more
efficient sorption of neodymium ions compared to
individual samples. This fact is especially clearly
visible when converting sorbents to 1 mol, which
eliminates the difference in sorption values due to
different mass ratios of cationite. This is due to an
increase in the ionization of the cationite, and
consequently, its conformational changes, which
contributes to the energetically and sterically more
profitable binding of metal ions from the solution
of its salt. At the same time, the maximum degree
of recovery was observed at the ratio KU-2-8 (Na*):
AB-17-8(Cl') 5:1 in static mode, and at 6:0 in

dynamic mode. The second important fact is the
need to extract rare-earth metals in a dynamic
mode since in comparison with static, equilibrium
occurs faster, and at the same time, numerically
high sorption of the target metal is observed.
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OHepKACINTIK MIOHAaAMACTbIPFbIWTAPADbIH, TY3 Popmanapbl HerisiHaeri
MHTEPNOIMMEP/IK XyhNeNepMmeH HeEOAUM MOHAAPDbIH any epeKwenikrepi

Oxkymagunos T. K., Ka6:xkanenos K. P.

9.6. bBekmypoe ameIHOGFbI XUMUSA FblnbiMOapsel uHcmumymsi AK, Aamamel, KazakcmaH

TYWIHAEME

Makana kengi: 27 mayceim 2024
CapanTtamagaH eTTi: 12 KbipKyliek 2024
Kabbinganapl: 13 kapawa 2024

nanengeHeai.

eTeTiH

Byn 3eptrey AB-17-8(Cl) »koHe KY-2-8(Na*) MOH anmacTbipfblll LWaibipAapbliHbiH, Heoaum
MOHZApPbIHbIH, cCOPOUMACbIHA KALIbIKTbIKTAH ©3apa apeKeTTecy MeH e3apa benceHaipyaiH, acepiH
3epTTeyre 6afblTTasfaH.
peareHTiMeH opeKeTTecy HerisiHae cnekTpopoTomeTpmeH aHbiKTangbl. Copbumsa KesiHae
HEeoAMM MOHAAPbIHLIH BeniHy AspeKeci KaHe NnoAnmep maTpuuacbiHaH gecopbumn KesiHge ocbl
MeTangplH, anblHy agapexeci ecentengi. Copbuua pexuMmiH TaHAAyablH HeoaumAai any
TMiMAiniriHe acepi 3epTTenai: AMHaAMUKaNbIK (MeTann anblHFaH epiTiHAIHI apanacTbipa OTbipbIn)
JKOHEe CTaTMKanblK (apanacTblpycbi3). ANblHFaH NpouecTepAiH, AMHAMUKacbiHa CyeHe OTblpbin,
epiTiHAiIHI apanacTbipy KesiHAe (apanactbipy blAAAaMAbIFbIHbIH, AManas3oHbl 40-80 aliH. MWH.)
MeTangplH, copbumack
opeKeTTecyeH KeWiH opHaTbinagbl. CoHAaw-aK, AMHAMUKabIK peXumae MaKcaTTbl meTann
CTAaTUKaNbIK PEXMMMEH CanbiCTbipFaHAa a/14eKaiga Kakcbl copbuuanaHapl, 6yn gecopbuus
Ke3iHAe anblHFaH MeTaNn MOHAAPbIHbIH, CaHblHa acep eTTi. UHTepnonumep xyneciHaeri Heoaum
MOHOAPbIHbIH, MaKcMmangbl copbuma asperkeci rugporenbaepdid 5:1 koHe 48 cafaTTbliK
apanacTblpyCbi3 KALUbIKTbIKTaH SpeKeTTecy KaTbiHacbiHAA 6aiikanaTbiHbl XaHe 42,8 Mr/n Kangpik,
KOHLLeHTpauMACbIHAA 6onaTbiHbl aHbIKTaNAbl. AUHAaMUKaNbIK pexkumae 6acTankbl KAaTUOHWUT YLLiH
MaKcumangpl copbumna baikanagpl, Kanablk KOHUeHTpaumaAcbl 8,28 mr/n. 1 mMoab KaTMOHWUTKe
ecenTereHge rmaporenbaepaiH ©3apa akTMBTEHYIHIH acepi aliKblH KepiHeai, byn HeoguMHIH, 6:0
(bacTtankbl KaTMOHMT) 1:5 KaTblHAacblHAH COPOUMA ADPEXKECIHIH, XKOFapblnay TeHAEeHUUACbIMEH
NoHutTepaiH,
copbuMACbIHbIH, aiTapabikTail ecyi 6alikanagbl. Bbyn HaTuKenep OHbIH  Ty3blHbIH,  CyAbl
epiTiHAICIHEH HeoAMM WOHAAPbIHbIH, COPOLMACHI YIWIH OHTaWAbl KaFaainapapl KamTamachl3
KoHbOpMaLuuanapabl
KepceTesj, byn OHbIH 6HEPKICINTIK KOocnanapaaH CeNekTUBTI any YWiH NPaKTUKaAbIK MaKcaTTapFa
KbI3MeT eTe anafbl. OHEePKaciNTiK KOHAbIPFbINAPAbIH, KbIAAM KYMbIC iCTeyi aHe meTanabl
noaumepnai maTpuuanapmeH TOAblK 6alinaHbICTbIPy YWiH MeTanabl AMHAMUKANbIK pexumae
rmgporenbaepMeH any KaxKeTTiNiri aHbIKTanapl.

HeoguMm WOHAAPbIHbIH, KOHUEHTpauuacel 6oanfaH apceHaso (lII)

MeH pgecopbumaAcbl apacblHAafbl Tene-TEHAIK 6 cafaTTblK ©3apa

QpTVp/'Ii MOJIb  KaTblHaCTapblHOa HeoAMM  MOHAAPbIHbIH

KYPaWTbiH  MOHAANFaH  KypbiabiMAapaplH, naiga 6onfaHbiH

TyliiH ce30ep: NHTEPNOAUMEPIK Kyile, HEOAMM UOHAAPLI, ©3apa akTueTeHy, AB-17-8(Cl-) »kaHe
KY-2-8(Na*) MoH anMacTbIpFbiluTapbl, KAWBIKTBIKTAH ©3apa apeKeTTecy.
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Oco6eHHOCTU U3BNeYEeHMA UOHOB HEOAMMA UHTEPNOIMMEPHBIMU CUCTEMAMM Ha
OCHOBe €0/1eBbIX POPM NPOMbILLIEHHBIX MIOHUTOB

DO:xymaaunos T.K., Kabxxanenos K.P.

AO MlHcmumym xumu4eckux Hayk um. A.b. bekmypoea, Anmamel, KazaxcmaH

AHHOTAUMA

[aHHoe wuccneposaHve 6biN0  HanpaBNAeHO Ha  UM3yYeHWe BAUAHWA  AWUCTAHLMOHHOIO
B3aMMOAENCTBMA U B3aUMHOMN aKTMBALMM MeXAy CONeBbiIMU GOpMaMM MOHOOBMEHHbIX CMOA
AB-17-8(ClI') n KY-2-8(Na*) Ha copbuuio MOHOB HeoauMMa. KOHUEHTpauus WMOHOB Heoauma
onpeaenanacb C NOMOLLbIO CNeKTPOPOTOMETPa Ha OCHOBE B3aMMOAEMCTBMA C OKPALLEHHbIM
peareHTom apceHaso (Il1). Bblin paccunTaHbl CTENEHb M3BAEYEHUA MOHOB HEOAMMA NpW copbunmn
M CTeneHb M3B/AEYEHUA 3TOro MeTanna npu gecopbumm M3 maTpuupl MOAUMEPOB. M3yyeHo
BAMAHME BbIGOPa pexnma copbumm Ha 3GPEeKTUBHOCTb M3BNEYEHUA HEOAMMA: AMHAMUYECKOTO
(c nepemewuBaHvem pacTBOpa M3 KOTOPOro W3BAEKancA MeTann) M cratudeckoro (6es
nepemewunBanua). Mcxoga M3 NONyYeHHOW [AMHAMWMKM MNPOLLECCOB YCTAHOBAEHO, YTO Mpwu

Moctynuna: 27 utoHa 2024 nepemelvBaHnM pactBopa (AMano3oH CcKopocTM nepemewwmnsanns 40-80 06. B MUH.)
PeueHsupoBaHue: 12 ceHmabpsa 2024 paBHOBecve Mexay copbuvein u pgecopbumeit meTanna ycraHaBAMBaeTcs nocne 6 4acos
MpuHAaTa B Nevatb: 13 Hoabps 2024 B3aMMOAencTBusA. TakKe Npu AUHAMUYECKOM PEXMME LieNeBoi MeTaia copbrpoBanca HaMHOro

NydWe MO CPaBHEHUIO CO CTAaTMYECKUM PEXMMOM, YTO MOB/AMANO U Ha KOMMYECTBO MOHOB
MeTanNa MNoNyYeHHOro Npu Aecopbumun. YCTaHOBEHO, YTO MAKCMMAbHAasA CTeneHb copbuum
MOHOB HEOAMMA Y MHTEPNOSIMMEPHOW cucTeMbl HabntogaeTcs NpU COOTHOLEHUAX ruaporenen
5:1 1 48 4acoB AUCTAHLMOHHOIO B3aMMOAENCTBMA 6e3 nepemeLumBaHus, u coctasnset 42,8 mr/n
OCTaTOYHOM KOHLEHTpaLuu. B AMHaMUYECKOM peXMMe MaKkcumasbHas copbumsa Habatogaercs
AN UCXOAHOrO KaTMOHMTA, OCTaTovHas KoHueHTpauua 8,28 mr/a. Mpu paccuete Ha 1 monb
KaTUOHWUTA OTYETINBO BUAEH 3 DEKT B3aMMHOWM aKTUBaLMW TMApOrenei, KOTopbl AoKa3blBaeTcs
TeHAeHUMEeW yBenYeHWs cTeneHn copbumm HeoaMma OT COOTHoweHua 6:0 (McxomHbIn
KaTMOHUT) K 1:5. B pas/inyHbIX MOJIbHbIX COOTHOLIEHUAX MOHUTOB Hab/l04aeTCcA 3HAUUTEbHbIN
pocT copbumMn MOHOB HeoAMMa. [aHHble pe3ynbTaTbl YKasblBalOT Ha BO3HWKHOBEHUWE
MOHM30BaHHbIX CTPYKTYpP, bopmupyrowmx KoHGopmaLmm, KoTopble obecneunsatoT onTMMabHble
ycnosusa ans copbuMm MOHOB HEOAMMA M3 BOAHOMO PAcTBOPA €ro COJIM, YTO MOMKET CAYKUTb
NPaKTUYECKUM LLeNIAM ero CesIeKTMBHOMO U3BIEYEHNA U3 NPOMBILLIEHHbIX CMecel. YCTaHOoBNEHa
HeobXOAMMOCTb M3BNEYEHUA METanNa TUAPOreNaMU B AMHAMUYECKOM pexume ans Gonee
6bICTpOV  PaboTbl NPOMbILLIEHHBIX YCTAHOBOK M 6osee NONHOTO CBA3bIBAHUA MeTanna
NOAUMEPHBIMWU MATPULLAMU.

Kntoveebie cn08a: WHTEPNONMMEPHAA CUCTEMA, WOHbI HEOAMMA, B3aUMHAA aKTMBaLMA,
MoHoobmeHHUKN AB-17-8(Cl-) n KY-2-8(Na*), AUCTaHUMOHHOE B3auMoaencTBme.
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Isothermal laminar flow of non-newtonian fluid with yield stress in a pipe
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ABSTRACT

This paper considers the development of an isothermal laminar flow of viscoplastic fluid with
yield stress in a pipe. A characteristic feature of such a flow is the formation of a non-deformable
region in which the fluid behaves like a solid. This phenomenon significantly complicates the
numerical solution of the equations of viscoplastic fluid flow, since traditional methods cannot
adequately describe the behavior of the fluid in this region. The novelty of this work resides in
the application of the effective molecular viscosity methodology and the Bingham-Papanastasiou
model, which made it possible to perform an end-to-end calculation of the isothermal flow
taking into account the non-deformable region. In the course of the calculations, the velocity and
pressure distributions were derived for Reynolds numbers from 71.2 to 740.8 and Bingham
numbers in the range from 1.225 to 17.01. An increase in the Reynolds number to Re = 740.8 and
a decrease in the Bingham number to Bn = 1.225 lead to a reduction in the region with maximum
velocities and a change in the input axial velocity distribution. The radial profiles of the axial
velocity remain the same in all cross-sections from z/R = 10 to z/R = 40, which indicates the
establishment of a steady-state flow regime of viscoplastic fluid, in which a constant velocity core
is formed in the cross-section of the pipe.

Keywords: viscoplastic fluid flow, effective molecular viscosity approach, yield stress, bingham-
papanastasiou model.
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Introduction

Several theoretical studies focus on the flow of
Bingham non-Newtonian fluids [[5], [6]]. The initial

Non-Newtonian fluids with yield stress are  boundary value problem related to Bingham fluid
encountered in various industrial processes, such as ~ motion is examined by Luckring, who proves the
the transportation of paraffinic crude oil in  existence and uniqueness of a strong solution

underground and underwater pipelines in offshore
fields, as reported by several authors [[1], [2], [3],

(4]].

Non-Newtonian fluids have a natural time (fluid
time scale). The relaxation time of viscoelastic The mathematical

under specific assumptions about the data [5].
Luckring also shows that the solution exists globally
over time when the data is small and approaches a
periodic solution when the external force is time-
periodic.

model describing three-

fluids, the time scale of thixotropic fluids, and the  dimensional steady Bingham fluid flow in a

time scale of viscoplastic fluids (the ratio of plastic ~ confined region under threshold slip boundary
viscosity to vyield stress) are examples of non-  conditions is discussed by Baranovskii [6]. It is

Newtonian fluid time scales.

assumed by Baranovskii that the flows can slip
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along solid surfaces when shear stresses reach a
certain critical value. A weak formulation of this
problem is developed using the variational
inequality approach. The necessary conditions for
the existence of weak solutions are determined,
along with the corresponding energy estimates [6].

The challenge in numerically modeling
viscoplastic fluid flow lies in the presence of a rigid
(undeformed) region within the flow field. In the
literature, two categories of methods have been
suggested to tackle this mathematical problem. The
first approach, commonly referred to as the
regularization method, is extensively utilized by
many researchers and involves representing the
effective molecular viscosity as a continuous
function [[7], [8], [9], [10], [11], [12], [13], [14]]. The
exponential formula introduced by Papanastasiou
represents the most widely adopted variant of the
regularization method [8]. This methodology is
straightforward to implement, as the regularized
equation transforms the mathematical problem
into a viscous one. The criterion for determining
whether the flow region is deformable or
undeformable becomes irrelevant, since the
deformation rate tensor approaches zero, as noted
by authors [[9], [10]]. Consequently, the rigid part
of viscoplastic fluid flow can be estimated with
sufficient accuracy.

Another method, conceptually more intricate,
is derived from the theory of variational
inequalities and takes advantage of Lagrange
multiplier techniques. For a thorough and precise
mathematical examination of the associated
variational inequalities, refer to Duvaut and Lions
[15]. This method simplifies the problem by
transforming it into the minimization of an
extended Lagrangian functional. The resulting
saddle-point problem has been addressed by
various researchers using a Uzawa-type algorithm
[[16], [17], [18]]. The primary benefit of the
extended Lagrange method lies in its integration of
the constitutive equation, which facilitates the
identification of undeformed regions through a
zero strain rate tensor and provides a clear
distinction between deformable and non-
deformable regions. Computational and theoretical
studies include analyses of lid-driven cavity flow by
several authors [[19], [20], [21]]. Flow around a
cylinder has been investigated by Roquet et al.,
[22]. Additionally, flow in converging geometries
has been studied by Coupez et al., [23].

To study the non-isothermal flow of viscoplastic
fluid within the pipe, the aforementioned method
is discussed in detail in [24]. A numerical method
was developed to solve the system of motion and
energy equations using a TVD scheme. Special
attention is given to the velocity-pressure problem,
where the Bingham model is incorporated (without
a regularization procedure) using Lagrange
multiplier methods and extended Lagrange/Uzawa
methods by Vinay et al., [24]. The results obtained
for the stationary solution highlight the impact of
temperature variations on the flow pattern,
particularly concerning deformable and non-
deformable regions. Specifically, in pipe flow, the
temperature field varies along the flow direction.

It should be noted that the solution method is
labor-intensive and has been applied in only a few
studies of viscoplastic fluids [24].

The regularization method by Papanastasiou is
widely applied to solve various practical problems,
such as the non-isothermal flow of Bingham fluid in
cases of sudden pipe expansion, as noted by
authors [[25], [26]].

As highlighted in the review, multiple facets of
the motion and heat transfer of Bingham fluids
have been explored. However, there is a limited
number of studies offering an in-depth analysis of
the isothermal flow of viscoplastic fluids.

The objective of this study is to examine the
isothermal flow of viscoplastic fluids through a
numerical solution of a system of motion
equations, using a regularization method by
Papanastasiou and an effective molecular viscosity
approach by Bird et al. [27].

Isothermal laminar flow of viscoplastic fluid
Problem statement

An isothermal flow of viscoplastic fluid enters a
pipe with an average inlet velocity (see Fig. 1). At
specific yield stress values, a stagnation zone forms
near the pipe wall, where the flow velocity
becomes zero. The Reynolds (Re) and Bingham (Bn)
numbers are derived from the characteristics of
viscoplastic fluid at the pipe inlet. The pipe inner
diameter is D = 0.05 m and the pipe length is L =1
m, resulting in a length-to-radius ratio of L/R = 40.

The inlet profile of axial velocity transforms,
and in a certain section, a velocity distribution
corresponding to the flow of Bingham fluid is
established. Our task is to define the establishment
of the Bingham fluid profile as a dependent variable
of the Reynolds and Bingham numbers.

— 40 ——
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Figure 1 - Diagram of the isothermal flow of
viscoplastic fluid within pipe

Bingham-Papanastasiou model.

Based on the rheological behavior of
viscoplastic fluids, the effective molecular viscosity
can be represented as outlined by various authors
[[27], [28], [29], [30], [31]]:

’ :{ﬂpw'ﬂl’ o (1)

0, if 7] <7,

The expressions in formula (1) are provided by
Pakhomov et al., [32].

However, due to mathematical complexities,
Eg. (1) cannot be used without regularization. For
this purpose, the formula presented by
Papanastasiou is employed [8]. In this scenario, the
effective molecular viscosity is constrained as the

shear rate approaches zero|;'/| — 0, as observed by
Pakhomov et al. [32]:

1—exp(—10°%|y
Hete = Ky +To[ p|(7| |y|):| (2)
Fundamental equations of heat transfer.
The equations governing mass and heat
transfer of fluid can be expressed in non-
dimensional form within a cylindrical coordinate
system, as presented by authors [[28], [31]]:

Y190 3)
Z Tor
yU, U P,
Z or 1574
i 67 /ueff — | (4)
Rel1a | r@,2 )
For\" Vo o

Uﬂ+vﬂ=_@+
0z or or
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Re| 24,V
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here
Z=z/RT=r/RU=u/u;V=v/u;P=p/pu;
Re is the Reynolds number.

The plastic viscosity and yield stress coefficient
dependences on temperature are provided by
Pakhomov et al., [32].

Boundary conditions.
No slip on the pipe wall, as described by
Pakhomov et al., [32]:

F=1:U=V =0 (6)

Symmetry on the pipe axis, as described by
Pakhomov et al., [32]:

Vv

r=0: ==
or or

(7)

Constant velocity at the pipe inlet, as described
by Pakhomov et al., [32]:

7=0:U=1V=0 8)

Neumann boundary at the pipe outlet, as
described by Pakhomov et al., [32]:

U oV

I=L/R:—=—=
o oz

0 (9)

Numerical implementation.

The numerical results are obtained using a
control volume method applied on a staggered grid.
The algorithm for solving the system of Eq. (3)-(6) in
terms of the "velocity-pressure components" is
detailed by Pakhomov et al., [32].

The equations were discretized using the finite
volume method on a staggered grid. The pressure
field p and the velocity values u, and v, each one
had its own unique grids, resulting in individual
control volumes. The power-law scheme was
applied to the convective terms in the differential
equations [33]. Second-order central difference
methods were used for diffusive flows [32].

— 4] ——
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The SIMPLE algorithm was used to solve Eq. (3)-
(5), with each iteration involving the following
steps.

All numerical predictions are conducted using
an "in-house" code.

To verify the calculations, known results for
laminar flow of Bingham fluid can be utilized. Figure
2 displays the computed data for the radial
distribution of non-dimensional axial velocity (a)
and dynamic viscosity (b) across the section of a
pipe [34].

-
/R

0.8+ !
0.6
0.4-

0.2+

"R ] “. b)

0.8
0.6+ o
044

0.2+

; . T )
0 5 10 15 20
Hy

Figure 2 — Non-dimensional axial velocity (a) and
dynamic viscosity (b) profiles across the section of a
pipe. The lines illustrate the authors' calculations, while
the points represent calculated data [34]:
1-Bn=0;2-Bn=5;Sc=10; g/R=0.1; Riy/R =0.55;
up/p1 = 10; Re = p1Ru1/p1 = 1000

The computations were performed for two
mixed fluids: a Newtonian fluid flowing in the
center of a pipe ( ;/R<0.55) and a Bingham fluid
ring introduced in the wall-adjacent region
(R,/R=(R,+q)/R=0.65-1). The intermediate
mixing layer's thickness between the Newtonian
fluid and Bingham fluid is q/R =0.1. Notably, in
this case, the mathematical model was adapted by
incorporating a diffusion equation with a specified
Schmidt number Sc =z / (p,Dg) =10 [34]. In this
context, the subscripts "1" and "2" denote the
Newtonian fluid and Bingham fluid, respectively,
while Ds represents the coefficient of molecular
diffusion. Comparisons were conducted between

the isothermal laminar flow regime of the
Newtonian fluid (1) and the viscoplastic fluid
characterized by a specified Bingham number (Bn).
The isothermal laminar flow regime of the
Newtonian fluid (1) was compared to the
viscoplastic fluid characterized by a specified
Bingham number of Bn=7,R/(xu,)=5 (2). A
notable quantitative consistency was observed
between our numerical results and the findings
reported in [34].

Discussion and Results

The simulations were performed for a pipe with
a length L = 1 m and a diameter D = 2R = 0.05 m
(L/R = 40). The calculations were carried out in a
pipe with a diameter of D = 2R = 0.05 m and a
length of L = 1 m (L/R = 40). The average flow
velocity at the pipe inlet U, varied from 0.05 to 0.20
m/s. The paraffinic oil density is constant and equal
to 850 kg/m3. The Reynolds and Bingham numbers
vary: range from 71.2 to 740.8 and
Bn=17,, 2R/ (x,,u ) ranges from 0.17 to 17.01.

—eo— 2z/R=10.00 —e— 2z/R=20.00 —@— z/R=30.00 —e— z/R=40.00

1.40

1.20
1.00
0.80
0.60
0.40
0.20

0.00

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
r/R

2R b)

r’R

30 35 40
#/R c)

Figure 3 — Radial profile of axial velocity (a), velocity
vector contours (b) and pressure (c) under the operating
conditions: y, =0.10 m/s, u, =0.05974Pa-s, ¢, =

2.03286 Pa, Re=71.2, and Bn =17.01
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Figure 3 shows the calculated data for an
average velocity of U, =0.10 m/s, plastic viscosity of

U, =0.05974 Pa-s, yield stress of 7, = 2.03286

Pa, Reynolds numbers Re = 71.2, and Bingham
numbers Bn =17.01.

The radial distributuions of axial velocity U
exhibit a core of constant values (see Figure 3a),
characteristic of viscoplastic fluid flow. The core of
constant velocities U occupies a radius fromr/R=0
to r/R = 0.67, starting from the section z/R = 10 to
z/R = 40, i.e. the establishment of a radial profile of
axial velocity across the length of the pipe takes
place.

The velocity vector contours clearly
demonstrate the rapid transformation of the inlet
profile of axial velocity U and the establishment of
viscoplastic fluid flow (see Figure 3b).

The pressure contours show the distribution of
P along the pipe length (Figure 3c). The pressure
remains constant across the pipe's cross-section
and drops throughout its length. The value of
dimensionless pressure is equal to P =89 or p =
765.5 Pa at the beginning of the pipe and decreases
along the pipe length. The pressure difference of
Ap = 765.5 Pa ensures the movement of visco-
plastic fluid along the length of a pipe.

The results derived from the calculations under
operating parameters U, = 0.10 m/s, My =0.02438

Pa-s, 7, =0.11937 Pa, Re = 174.3, and Bn = 2.45

are presented in Figure 4. The radial profiles of axial
velocity U have a core of constant values along the
radius from r/R = 0.0 to r/R = 0.43, starting from the
section z/R = 2 to z/R = 40 along the pipe length
(see Figure 4a). A decrease in the Bingham number
Bn = 2.45 and a growth in the Reynolds number Re
= 174.3, results in to a reduction in the core length
of constant data of U and, accordingly, a growth in
a magnitude of the axial velocity (see Figure 4a). It
is evident that the axial velocity profiles are
established starting from the section z/R=2 and
correspond to the velocity distribution of a
Bingham fluid (see Figure 4a).

The velocity vector contours U clearly
illustrate the establishment of a steady flow of
viscoplastic fluid and the location of the core of
constant velocities along the radius and length of a
pipe (see Figure 4b).

2/R=10.00 —e— 2/R=20.00 —g— z/R=30.00 —e— 2z/R=40.00

1.60
1.40
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1.00
U 0.80
0.60
0.40
0.20
0.00
0.0 0.2 0.4 0.6 0.8 1.0

r/R

z/R

0 I NI ISR SRR SR

0 5 10 15 20 25
z/R

Figure 4 — Radial profile of axial velocity (a), velocity
vector contours (b) and pressure (c) under the operating
conditions: u, =0.10 m/s, u, =0.02438 Pa-s, 7, =

0.11937 Pa, Re =174.3, and Bn = 2.45

The pressure contours P show a reduction in
their values throughout the length of the pipe
(Figure 4c). The Bingham number is Bn = 2.45,
almost 7 times less than in the previous case. This
shows a decrease in the effect of plastic viscosity
and yield stress on hydraulic flow resistance. The
pressure loss is AP = 114.8 Pa, which is lower than
the earlier situation (Figure 4c).

The computed results at operating parameters:
U =0.20 m/s, u,, =0.05974 Pa-s, 7, =2.03286

Pa, Re = 142.2, and Bn = 8.51 were presented in
Figure 4. As observed from the radial distribution of
axial velocity U, the core of constant values of U
has the same value both in the radial direction and
along the pipe length, indicating the establishment
of the flow of viscoplastic fluid (see Figure 5a). The
region with the core of constant values of U is
located from z/R = 1 to z/R = 40 throughout the
length of the pipe (Figure 5a).

Velocity vector contours show establishment of
the axial velocity profile U of viscoplastic fluid
throughout the length of the pipe (Figure 5b).
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Figure 5 — Radial profile of axial velocity (a), velocity
vector contours (b) and pressure (c) under the operating
conditions: u, =0.20 m/s, x,, =0.05974 Pa-s, 7, =

2.03286 Pa, Re = 142.2, and Bn = 8.51

The contours of the dimensionless pressure P
indicate a reduction in hydraulic loss of viscoplastic
fluid flow (see Figure 5c). The pressure reduction is
Ap =986 Pa and ensures laminar viscoplastic fluid
flow in a pipe (see Figure 5c).

Figure 6 shows the calculated data at operating
parameters: U, = 0.20 m/s, u, = 0.02438 Pa-s,

Ty, = 0.11937 Pa, Re = 740.8, and Bn = 1.225. The

increase in the Reynolds number to Re = 740.8 and
the decrease in the Bingham number to Bn = 1.225
lead to a reduction in the core of maximum
velocities U (see Figure 6a). The appearance of the
initial section of the transformation of the inlet
axial velocity profile can be seen. The radial
distributions of axial velocity U exhibit the same
shape in all cross-sections between z/R = 6 and z/R
= 40. This corresponds to Bingham fluid flow with a
constant core velocity U in the pipe cross-section
and indicates the establishment of a steady-state
laminar flow regime of viscoplastic fluid (Figure 6a).

The contours of the velocity vectors depict a
detailed picture of flow through the cross-section
and throughout the pipe's length (Figure 6b). One
can observe the flow core with a constant value of

axial velocity U and a decrease in its value to zero
at the wall. The Bingham number Bn = 1.225 leads
to a reduction in head loss relative to the earlier
case. The pressure loss Ap is 238 Pa, which was

sufficient for viscoplastic fluid to flow throughout
the pipe's length (Figure 6c).
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Figure 6 — Radial profile of axial velocity (a), velocity
vector contours (b) and pressure (c) under the operating
conditions: u, =0.20 m/s, u, =0.02438 Pa-s, 7, =

0.11937 Pa, Re =348.6, and Bn =1.225
Conclusions

The paper discusses the findings of the study on
Laminar isothermal viscoplastic fluid flow in the
pipe, taking into account yield stress and plastic
viscosity. The calculated data were obtained by
numerically solving the system of equations for
viscoplastic  fluid flow. The computations
determined the effect of the Bingham number and
Reynolds number on the axial velocity profiles and
pressure distribution. The regions of constant axial
velocity values are shown depending on the values
of the Bingham number and Reynolds number. The
larger the Bingham number and the lower the
Reynolds number, the longer the core of constant
velocity in the cross-section of the pipe. These
findings contribute to a deeper understanding of
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viscoplastic flow dynamics, with significant
implications for various engineering applications
and fluid transport systems. In further studies, the
molecular effective viscosity approach and the
regularization method will be used to calculate
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KybbipaafFbl akKbILWTbIK Weri 6ap HbIOTOHAbIK eMeC CYMbIKTbIKTbIH,

n3oTepmMuAnbIK 1aMUHAP/Ibl afbiHbI

! Beknbaes T., ! PamasaHosa ., ! BocuHos [l., 2 Myxammapg, HypasnaH

1 Camb6aes YHusepcumemi, Aamamel, KazakcmaH

2 MeHAudukaH CynmaH Ndpuc yHusepcumemi, TaHxcyHe Manaum, Manalizus

Makana kengi: 18 Kapawa 2024
CapantamagaH eTTi: 24 kapawa 2024
KabbingaHabl: 4 ¥cenmokcaH 2024

TYAIHAEME

Ocbl XKYMbICTa KybbipAafbl aKKbIWTbIK wWeri 6ap TYTKbIP NAACTUK CYMbIKTbIKTbIH, M30TEPMUANBIK,
NaMWMHAPAbIK  afblHbIHbIH,  Aamybl KapacTblpbliagbl. MyHAal afblHFa ToH epekwenik -
AedopmaumanaHbainTbiH aitmak nainga 6on1aapl, OHAA CYMbIKTbIK KaTTbl 3aT CUAKTbI SPEKET eTes;.
Byn Ky6bl/IbIC TYTKbIP NAACTUKANbIK CYMbIKTbIK afblHbIHbIH, TEHAEYNEPIH CaHAbIK LWewyai eaayip
KMbIHAATaAbl, OUTKEHI A3CTypAi agicTep Byn aimaKTaFbl CyMbIKTbIKTbIH dPEKETIH KEeTKINIKTI Typae
cunaTTal anmanapl. *KymbICTbIH, }KaHANbIFbI TUIMAT MONEKYNANbIK TYTKbIPAbIK d4iCHAMACbIH KaHe
BuHram-ManaHactacuy mogeniH KongaHy 6onbin Tabblnagpl, 6yn aedopmaumanaHbaiTbiH
aliMaKTbl €ecKepe OTbIPbIN, W30TEPMUANbIK afblHAbI TYNKINIKTI ecenteyre MyMKiHAIK 6epai.
Ecenteynep apkpinbl 1.225-teH 17.01-re gewiHri BuHram caHgapbl meH 71.2-aeH 740.8-re peliiHri
PeliHONbAC CaHAapbl YWIH KbINAAMAbIK MeH KbICbIM yaecTipimaepi anbiHabl. PeiHonbac
CaHblHbIH, Re = 740.8-re geiiH ecyi aHe BUHram caHbiHbiH Bn = 1.225-ke aelliH TemeHaeyi
aiMaKTbIH, MaKCUManapl XblAAaMAbIKNEH KbICKApyblHA XaHe aKkcuangpl XblAAamMAabIKTbiH, Kipe
6epicTeri TapanybliHbIH, ©3repyiHe aKeneai. AKCManabl KblNgaMabIKTbIH, pagvangsl npodunbaepi
z/R = 10-paH z/R = 40-Kka AeniHri 6apabik KengeHeH, kumanapaa 6ipaent 6onbin Kanagbl, 6y
KyObIpAblH KenAeHeH, KMMAacbiH4A TYpaKTbl KbINAAMAbIK AA4pocbl Naiga 6onaTblH TYTKbIP
NNACTUKANbIK CYMbIKTbIK afblHbIHbIH, TYPAKTbl PEXKUMIHIH, OPHATbINFaHbIH KepceTea;.

TyliiH ce30ep: TYTKbIp NNACTUKANbIK CYMbIKTbIK afblHbl, TUIMAI MONEKYNaNbIK TYTKbIPbIK
annaparbl, aKKbIWTbIK weri, BuHrem-ManaHacracuy mogaeni.
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U3oTepmuyeckoe NnammHapHoe TeueHMe HEHbIOTOHOBCKOM }KUAKOCTU C
npeaenom Tekyyectu B Tpybe

! Beknbaes T., ! PamasaHosa I'., ! BocuHos [l., 2 Myxammap, HypasnaH

1 Satbayev University, Anmamel, KazaxcmaH
2 YHusepcumem [MeHOudukaH Cyamax Udpuc, TaHOxcyHe Manum, Manatizus

AHHOTALUMUA

B HacToswwei paboTe paccmaTpuBaeTcsi pasBUTUE M30TEPMUYECKOTO JIaMWMHAPHOTO TeYeHWs
BA3KOMNACTMYHOM KMAKOCTM C MpeAenom Tekyyectv B Tpybe. XapaKTepHoW OCOBeHHOCTbo
TaKoro TeueHus sABaseTca obpasoBaHue Hegedopmupyemoit 061acTv, B KOTOPOW MKUAKOCTb
BedeT ceba Kak TBepAoe Tesno. ITO fAB/NEHWE 3HAYMTENbHO YC/IOXKHAET UYMCIEeHHOE pelueHue
YPaBHEHWI TEUEHWUs BA3KOMIACTUYHOMN KMAKOCTU, TaK KaK TPaAULMOHHbIE MeTOAbl He MOryT

Moctynuna: 18 Hoabpa 2024 afeKBaTHO ONMCaTb MOBeJeHUe XKUAKOCTU B 3ToW obnacTu. HoBusHa paboTbl 3ak/iouaeTca B
PeueHsupoBaHue: 24 HoAbpa 2024 NPUMEHEHUU MeToA0NOTMN 3OPEKTUBHOW MONEKYNAPHOM BA3KOCTM M mopenu bBuHrama-
MpuHATa B Neyatsb: 4 dexabpA 2024 ManaHacTacuy, YTO NO3BO/IMIO NPOBECTU CKBO3HOM PacyeT U30TEPMUYECKOrO TEUEHUS C YYETOM

Hegedopmupyemoit obnactu. B xoae pacyetoB 6binn MonyyeHbl pacnpeseneHus CKopocTu U
OaBneHunn ansa uncen buHrama B avanasoHe ot 1.225 ao 17.01 v uncen PeliHonbaca oT 71.2 go
740.8. YBennueHue uncna PeitHonbaca ao Re = 740.8 1 cHUKeHUe yncna buHrama go Bn = 1.225
NPUBOAAT K COKPALWEHU0 061acTV C MaKCUMabHbIMM CKOPOCTAMM U U3MEHEHUIO BXOLHOMO
pacnpeaeneHus akcuManbHOM CKOPOCTU. PagunanbHble NPoduAM akcuanbHOM CKOPOCTH OCTakoTCA
OAMHAKOBLIMM Ha BCEX MonepeyHbix ceyeHunax oT z/R = 10 go z/R = 40, yTo yKasbiBaeT Ha
YCTaHOB/NIEHNE CTALMOHAPHOIO PEXMMA TeYyeHUs BA3KOMIACTUYHOMN KUAKOCTU, B KOTOPOM
06pasyeTcA NOCTOAHHOE AP0 CKOPOCTM B NOMEPEYHOM CeYEHUU TPYObI.

Kntoyesbie cn08a: TeYeHNE BA3KOMIACTUYHON XKUAKOCTM, annapaT 3GPeKTUBHOW MONEKYNAPHOM
BA3KOCTM, Npeaen Tekyyectn, moaensb buHrem-NManaHacrtacuy.

WHpopmayus o6 asmopax:

Mazucmp mexHuKu u mexHosnoeauli, 3agedyroujuli omoesnom nabopamopuu ModeauposaHue 8
3Hepeemuke, Satbayev University, Aamamel, KazaxcmaH. Email: timur_bekibaev@mail.ru; ORCID
ID: https://orcid.org/0000-0001-7030-0015

Tumyp bexkubaes

K. ¢.-m. H., sedywuli Hay4Helli compyoHuK nabopamopuu ModenuposaHue 8 3Hep2emuke,
Fayxap PamasaHoea Satbayev  University, Aamamel, Kazaxcmax. Email: gaukhar.ri@gmail.com; ORCID ID:
https://orcid.org/0000-0002-8689-9293

Maaucmp ecmecmeeHHbIX Hayk, Hay4Hbili compydHuK aabopamopuu ModenuposaHue 6
AaHusap bocuHos 3Hepeemuke, Satbayev University, Aamamel, KazaxcmaH. Email: dansho.91@mail.ru; ORCID ID:
https.//orcid.org/0000-0003-3757-6460

PhD, npenodasamens hakyanbmema ecmecmeeHHbIX HAyK U mamemamuKku [TeHOUOUKaHCKo20
Myxammao HoopasnaH buH A60 A3uc yHUsepcumema CynmaHa Udpuca, TaHOMyHe Manum, Manatizus. Email:
azlanmn@fsmt.upsi.edu.my

References

[1] Barnes Howard A. The Yield Stress—a Review or ‘Mavta Pel—everything Flows?. Journal of Non-Newtonian Fluid
Mechanics. 1999; 81(1-2):133-78. https://doi.org/10.1016/s0377-0257(98)00094-9

[2] Zhapbasbayev UK, Ramazanova Gl, Bossinov DZh, and Kenzhaliyev BK. Flow and Heat Exchange Calculation of Waxy Qil in
the Industrial Pipeline. Case Studies in Thermal Engineering. 2021; 26:101007. https://doi.org/10.1016/j.csite.2021.101007

[3]1 Beysembetov IK, Bekibayev TT, Zhapbasbayev UK, Makhmotov YeS, Kenzhaliyev BK. Upravleniye energosberegayushchimi
rezhimami transportirovki neftesmesey [Management of energy-saving modes of transportation of oil mixtures]. 2016, 209. (in
Russ.). https://doi.org/10.31643/2016-2019.001

[4] Aiyejina, Ararimeh, Dhurjati Prasad Chakrabarti, Angelus Pilgrim, and Sastry MKS. Wax Formation in Qil Pipelines: A
Critical Review. International Journal of Multiphase Flow. 2011; 37(7):671-694.
https://doi.org/10.1016/j.ijmultiphaseflow.2011.02.007

[5] Kim Jong Uhn. On The Initial-Boundary Value Problem for a Bingham Fluid in a Three Dimensional Domain. Transactions of
the American Mathematical Society. 1987; 304(2):751. https://doi.org/10.2307/2000740

[6] Baranovskii Evgenii S. On Flows of Bingham-Type Fluids With Threshold Slippage.” Advances in Mathematical Physics.
2017, 1-6. https://doi.org/10.1155/2017/7548328

[7]1 Beris A N, Tsamopoulos J A, Armstrong R C, and Brown R A. Creeping Motion of a Sphere Through a Bingham Plastic.
Journal of Fluid Mechanics. 1985; 158:219-44. https://doi.org/10.1017/s0022112085002622

[8] Papanastasiou Tasos C. Flows of Materials With Yield. Journal of Rheology. 1987; 31(5):385-404.

https://doi.org/10.1122/1.549926

— 46 ——


mailto:timur_bekibaev@mail.ru
https://orcid.org/0000-0001-7030-0015
mailto:gaukhar.ri@gmail.com
https://orcid.org/0000-0002-8689-9293
mailto:dansho.91@mail.ru
https://orcid.org/0000-0003-3757-6460
mailto:azlanmn@fsmt.upsi.edu.my
https://doi.org/10.1016/s0377-0257(98)00094-9
https://doi.org/10.1016/j.csite.2021.101007
https://doi.org/10.31643/2016-2019.001
https://doi.org/10.1016/j.ijmultiphaseflow.2011.02.007
https://doi.org/10.2307/2000740
https://doi.org/10.1155/2017/7548328
https://doi.org/10.1017/s0022112085002622
https://doi.org/10.1122/1.549926

KomnnekcHoe Mcnonb3oBaHne MuHepansHoro Coipbs. N21(336), 2026 ISSN-L 2616-6445, ISSN 2224-5243

[9] Abdali S S, Evan Mitsoulis, and Markatos N C. Entry and Exit Flows of Bingham Fluids. Journal of Rheology. 1992;
36(2):389-407. https://doi.org/10.1122/1.550350

[10] Mitsoulis E, Abdali S S, and Markatos N C. Flow Simulation of Herschel-bulkley Fluids Through Extrusion Dies. The
Canadian Journal of Chemical Engineering. 1993; 71(1):147-60. https://doi.org/10.1002/cjce.5450710120

[11] Burgos Gilmer R, and Andreas N Alexandrou. Flow Development of Herschel-Bulkley Fluids in a Sudden Three-

dimensional Square Expansion. Journal of Rheology. 1999; 43(3):485-98. https://doi.org/10.1122/1.550993
[12] Mitsoulis E, and Zisis Th. Flow of Bingham Plastics in a Lid-Driven Square Cavity. Journal of Non-Newtonian Fluid

Mechanics. 2001; 101(1-3):173-180. https://doi.org/10.1016/s0377-0257(01)00147-1

[13] Liu Benjamin T, Susan J Muller, and Morton M Denn. Convergence of a Regularization Method for Creeping Flow of a
Bingham Material About a Rigid Sphere. Journal of Non-Newtonian Fluid Mechanics. 2002; 102(2):179-91.
https://doi.org/10.1016/s0377-0257(01)00177-x

[14] Mitsoulis Evan, and Huilgol RR. Entry Flows of Bingham Plastics in Expansions. Journal of Non-Newtonian Fluid Mechanics.
2004; 122(1-3):45-54. https://doi.org/10.1016/].jnnfm.2003.10.007

[15] Duvaut G, Lions J L, John C W, and Cowin S C. Inequalities in Mechanics and Physics. Journal of Applied Mechanics. 1977,
44(2):364. https://doi.org/10.1115/1.3424078

[16] Fortin M, Glowinski R, M ethodes de Lagrangien augment’e. Application “a la r'esolution num’erique de probl'emes aux
limites. Dunod- Bordas. 1982.

[17] Glowinski R, Le Tallec P. Augmented Lagragian and Operator-Splitting Methods in Nonlinear Mechanics. SIAM Studies in
Applied Mathematics. 1989.

[18] Glowinski P, Ciarlet G, Lions JL. (Eds.). Numerical Methods for Fluids (Part 3). North-Holland. Elsevier. 2003.

[19] Dean E J, and Glowinski R. Operator-splitting methods for the simulation of bingham visco-plastic flow. Chinese Annals of
Mathematics. 2002; 23(2):187-204. https://doi.org/10.1142/s0252959902000183

[20] Vola D, Boscardin L, and Latché J C. Laminar Unsteady Flows of Bingham Fluids: A Numerical Strategy and Some
Benchmark Results. Journal of Computational Physics. 2003; 187(2):441-56. https://doi.org/10.1016/s0021-9991(03)00118-9

[21] Roquet N. R esolution num’erique d’’ecoulements “a effets de seuil par “el’'ements finis mixtes et adaptation de maillage,
Ph.D. thesis, Universit’e Joseph Fourier, Grenoble I. 2000.

[22] Roquet Nicolas, and Pierre Saramito. An Adaptive Finite Element Method for Bingham Fluid Flows Around a Cylinder.
Computer Methods in Applied Mechanics and Engineering. 2003; 192(31-32):3317-3341. https://doi.org/10.1016/s0045-
7825(03)00262-7

[23] Coupez T, Zine MA, Agassant JF. Numerical simulation of Bingham fluid flow, in: C. Gallegos (Ed.), Progress and Trends in
Rheology. 1994; 1V:341-343.

[24] Vinay, Guillaume, Anthony Wachs, and Jean-Frangois Agassant. Numerical Simulation of Non-isothermal Viscoplastic
Waxy Crude Qil Flows. Journal of Non-Newtonian Fluid Mechanics. 2005; 128(2-3):144-62.
https://doi.org/10.1016/j.jnnfm.2005.04.005

[25] Hammad Khaled J. The Effect of Hydrodynamic Conditions on Heat Transfer in a Complex Viscoplastic Flow Field.
International Journal of Heat and Mass Transfer. 2000; 43(6):945-962. https://doi.org/10.1016/s0017-9310(99)00179-9

[26] Pakhomov M A, and Zhapbasbayev U K. Rans predictions of turbulent non-isothermal viscoplastic fluid in pipe with
sudden expansion. Journal of Non-Newtonian Fluid Mechanics. 2024; 334:105329. https://doi.org/10.1016/j.jnnfm.2024.105329

[27] Bird R B, Curtiss C F, Armstrong R C, Hassager O. Dynamics of polymeric liquids. Wiley, New York. 1987.

[28] Beverly C R, and Tanner R I. Numerical Analysis of Three-dimensional Bingham Plastic Flow. Journal of Non-Newtonian
Fluid Mechanics. 1992; 42(1-2):85-115. https://doi.org/10.1016/0377-0257(92)80006-j

[29] Bingham EC. Fluidity and Plasticity, New York: McGraw-Hill. 1922.

[30] Wilkinson W L. Non-Newtonian fluids. Fluid Mechanics, Mixing and Heat Transfer, London: Pergamon Press. 1960.

[31] Klimov D M, Petrov A G, Georgiyevskiy DV. Vyazkoplasticheskiye techeniya: dinamicheskiy khaos. ustoychivost.
peremeshivaniye [Viscoplastic Flows: Dynamic Chaos, Stability and Mixing]. Moscow: Publ. House Nauka. 2005, 394. (in Russ.).

[32] Pakhomov M A, and Zhapbasbayev U K. RANS Modeling of Turbulent Flow and Heat Transfer of non-Newtonian
Viscoplastic Fluid in a Pipe. Case Studies in Thermal Engineering. 2021; 28:101455. https://doi.org/10.1016/j.csite.2021.101455

[33] Patankar Suhas V. Numerical Heat Transfer and Fluid Flow. CRC Press. 2018. https://doi.org/10.1201/9781482234213

[34] Pakhomov M A, Zhapbasbayev U K, Bossinov D Zh. Numerical simulation of the transition of a Newtonian fluid to a
viscoplastic state in a turbulent flow. Journal of King Saud University. 2023; 35(2). https://doi.org/10.1016/j.jksus.2022.102522

—— 47 ——


https://doi.org/10.1122/1.550350
https://doi.org/10.1002/cjce.5450710120
https://doi.org/10.1122/1.550993
https://doi.org/10.1016/s0377-0257(01)00147-1
https://doi.org/10.1016/s0377-0257(01)00177-x
https://doi.org/10.1016/j.jnnfm.2003.10.007
https://doi.org/10.1115/1.3424078
https://doi.org/10.1142/s0252959902000183
https://doi.org/10.1016/s0021-9991(03)00118-9
https://doi.org/10.1016/s0045-7825(03)00262-7
https://doi.org/10.1016/s0045-7825(03)00262-7
https://doi.org/10.1016/j.jnnfm.2005.04.005
https://doi.org/10.1016/s0017-9310(99)00179-9
https://doi.org/10.1016/j.jnnfm.2024.105329
https://doi.org/10.1016/0377-0257(92)80006-j
https://doi.org/10.1016/j.csite.2021.101455
https://doi.org/10.1201/9781482234213
https://doi.org/10.1016/j.jksus.2022.102522

Complex Use of Mineral Resources. 2026; 336(1):48-63 ISSN-L 2616-6445, ISSN 2224-5243

[=
g2 Crossref

DOI: 10.31643/2026/6445.05
Engineering and Technology

@creative
commons

Study of the effect of variation of thermal annealing conditions on the structural
ordering and phase formation processes in ZrO,— Al,Os ceramics
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ABSTRACT

Interest in composite refractory ZrO, — Al,Os ceramics is due to the great prospects for their use
in extreme conditions (radiation exposure, thermal cycling, exposure to aggressive
environments) due to the high resistance to external influences of these ceramics. Moreover, the
features of high resistance to external influences for this type of ceramics are due to their
structural features and phase composition, which are controlled by the synthesis method and its
conditions. This paper presents the results of studying the influence of variations in the
annealing temperature of ZrO, — Al,Os ceramics obtained by solid-phase synthesis, as well as
establishing the effect of variations in the phase composition on strengthening and resistance to
thermal cycling. In the course of the research, using the X-ray phase analysis method, it was
found that at temperatures above 1200 °C, the formation of an impurity substitution phase of
the AlZrO; type is observed, the formation of which leads to strengthening and increased
resistance to external influences. For ZrOz, — Al203 ceramic samples, in which the AlZrO, phase
content was about 15-20 % (samples obtained at annealing temperatures of 1400 — 1500 °C), the
change in strength characteristics after 5 successive cycles was less than 3 %, which is more than
9 times lower than the similar change for two-phase samples obtained at an annealing
temperature of 1000 °C.
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Introduction materials for high-temperature reactors or the
Interest in composite ceramics based on basis for creating inert matrices of dispersed

zirconium and aluminum oxides is due to their
properties, in particular, high strength, wear
resistance and resistance to mechanical stress,
including compression, tension, corrosion
resistance, and the ability to operate at elevated
temperatures (about 700 — 1000 °C) due to low
thermal expansion rates, etc. [[1], [2], [3]]. The
combination of these properties makes these
ceramics one of the promising materials in nuclear
energy, in particular, when used as structural

nuclear fuel [[4], [5]]. At the same time, the
combination of aluminum and zirconium oxides
makes it possible to increase the thermal
conductivity of the composite due to the higher
thermal conductivity of aluminum oxide, as well as
to increase resistance to mechanical damage and
thermal shocks due to the strength properties of
zirconium dioxide. Also, high melting temperatures
(about 2000 — 2700 °C) allow the use of these
materials in extreme conditions [[6], [7]].
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ZrO; — Al,O; ceramics with an equal ratio of
components during mechanochemical mixing (0.5
M ZrO, — 0.5M Al,0s3) were selected as objects of
study to determine the variability of thermal
annealing temperature on changes in structural
parameters, as well as the possibility of initializing
phase transformation processes associated with
the formation of substitution phases [[8], [9], [10]].
The choice of these objects for research is due to
the possibility of combining the features of
zirconium dioxide, such as high levels of resistance
to mechanical and thermal influences (low rates of
thermal expansion of the crystalline structure as a
result of external influences), as well as good
radiation and corrosion resistance, with high
thermal conductivity of aluminum oxide (the
thermal conductivity of aluminum oxide is an order
of magnitude higher than that of zirconium
dioxide), as well as good electrical insulating
properties of these oxides, which makes it possible
to create high-strength structural materials based
on this composite [[11], [12], [13], [14]]. At the
same time, the choice of a method for producing a
composite is based on the need to simplify the
technological  processes for  manufacturing
composite materials with the possibility of scaling
production technology to create high-strength
ceramic materials, both in the form of powders and
pressed ceramics. The use of the method of
mechanochemical solid-phase grinding combined
with  thermal annealing of the resulting
homogeneous mixtures of powders to obtain
composite ceramics makes it possible to control not
only the sizes of the resulting ceramics by varying
the grinding conditions but also to initiate the
processes of phase transformations associated with
thermal effects on the ceramics [[15], [16], [17],
[18]]. As a result, this method is quite simple for the

production of ceramic materials, including
composite or multiphase ceramics. However,
despite the simplicity of the method, a

comprehensive study of the influence of synthesis
conditions is necessary to determine the optimal
conditions for the manufacture of ceramics, as well
as to determine the possibilities of using thermal
annealing to initiate phase transformation
processes [[19], [20]].

If the synthesis conditions change, in particular,
variations in the annealing temperature, not only
structural ordering processes associated with the
relaxation of deformation distortions and structural
stresses that arose during solid-phase grinding can
be initiated, but also, under certain conditions, can
provoke phase formation processes associated with

the partial replacement of one type of atoms by
others with the subsequent formation of new
phases or recrystallization processes, during which
a complete restructuring and mixing of simple
oxide compounds into new, more complex
formations occur. The most accurate and reliable
method for determining the influence of annealing
temperature on the processes of structural
ordering and phase transformations is the method
of X-ray phase analysis, the use of which allows one
to determine with high accuracy all the structural
changes that occur in samples caused by external
influences. Moreover, the comparison of the
observed changes in the obtained diffraction
patterns makes it possible to determine the kinetics

of structural parameters depending on the
annealing temperature or other external
influences.

Experimental part

Powders of zirconium (ZrO;) and aluminum
(Al>03) oxides with a chemical purity of about 99.95
% were chosen as the starting components. These
powders were purchased from Sigma Aldrich (USA).

The preparation of composite ZrO, —Al,03
ceramics was carried out through a sequence of
actions that included mechanochemical grinding of
the initial components in a PULVERISETTE 6 (Fritsch,
Berlin, Germany) planetary mill at a grinding speed
of 250 rpm for 30 minutes, followed by thermal
annealing of the ground samples in a Nabertherm
LE 4/11/R6 (Nabertherm, Lilienthal, Germany)
muffle furnace at a given temperature, followed by
cooling of the samples to room temperature
together with the furnace for 24 hours until they
cool down completely (the samples reached room
temperature). Determination of the variation in the
thermal annealing temperature on the phase
transformation processes, as well as the structural
ordering resulting from the thermal effect on the
ground mixtures of oxides, was carried out in the
thermal annealing temperature range from 1000 to
1500 °C. Annealing was carried out in a muffle
furnace in an oxygen-containing atmosphere for 5
hours, followed by cooling the samples to room
temperature without removing them from the
furnace. Regarding the annealing temperature of
powders, in particular, the range of 1000 — 1500 °C,
this range was chosen to assess the influence of the
sintering temperature on the processes of
structural ordering and the initialization of phase
transformation processes, associated with this case
with processes of polymorphic transformations of
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the m — ZrO, - t — Zr(Al)O, type, which arises
according to experimental data at temperatures
above 1100 °C. It is important to note that the
samples in the crucibles were placed in such a way
as to avoid the effect of the sintering of the
powders in the near-surface bulk layer, while the
inner part was not subjected to heat treatment. To
do this, the powders were poured in a uniform thin
layer onto the bottom of the crucible, which made
it possible to uniformly anneal the powdered
samples.

The study of the phase composition of xZrO, —
(1-x)Al053 ceramics depending on the annealing
temperature was carried out using the X-ray phase
analysis method. X-ray diffraction patterns were
obtained on a D8 ADVANCE ECO powder
diffractometer (Bruker, Karlsruhe, Germany).
Diffraction patterns were recorded in the Bragg-
Brentano geometry in the angular range 26=20-
100°, with a step of 0.03°. The diffraction patterns
were interpreted using the PDF-2(2016) database,
from which the main phases, as well as impurity
inclusions, the appearance of which is associated
with phase transformation processes, were
determined by selecting and comparing
experimentally obtained diffraction patterns with
reference values.

Determination of the crystal lattice parameters
and volume for all established phases in the
composition of the ceramics under study
contingent upon the annealing temperature,
alongside their refinement, was carried out in the
DiffracEVA v.4.2 program code. The parameters
were refined by comparative analysis of the
positions of the main (most intense) diffraction
reflections of the experimentally obtained samples
for each phase with the positions of the lines of
card values of the most suitable cards from the
PDF-2 database (the accuracy of the match for the
analysis was at least 90 %). The parameters were
refined considering the possible effects of
deformation distortion caused by mechanical
action and thermal relaxation occurring during the
manufacturing process of ceramics.

The structural ordering degree (crystallinity
degree) was assessed by calculating the weight
contributions of diffraction reflections and
background radiation characteristics of disordered
inclusions in the samples.

The determination of the phase composition
data, in particular, the establishment of the weight
values of each phase, was conducted considering
the corundum numbers for each established phase,

as well as their weight contribution, based on the
ratio of the areas of reflections.

Microstructural studies aimed at investigation
of the morphology of the synthesized samples were
carried out using scanning electron microscopy and
transmission electron microscopy, implemented
using a Phenom™ ProX scanning electron
microscope (Thermo Fisher Scientific, Eindhoven,
the Netherlands) and a Jeol JEM-1400Plus
transmission electron microscope (Jeol, Tokyo,
Japan). To determine the elemental composition, a
mapping method was used to determine the
uniformity of the distribution of elements in the
composition of the samples under study.

To measure the strength and thermophysical
parameters of the xZrO, —(1-x)Al,03 ceramics under
study, the resulting powders were pressed into
tablets with a diameter of about 10 mm and a
thickness of 3 mm. The pressing of the samples was
carried out using a special mold, the pressing
pressure was 250 MPa, the time was about 30
minutes. After pressing, the samples were
subjected to thermal annealing of deformation
stresses caused by pressing in a muffle furnace at a
temperature of 700 °C for 10 hours, which made it
possible to achieve the values of structural
parameters characteristic of samples in an
unpressed form. According to the X-ray diffraction
data of structural parameters before and after
thermal annealing of tablets at a temperature of
700 °C, almost complete relaxation of deformation
distortions in the structure of tablets is observed,
without changes in the phase ratio, as well as
enlargement of grains or their merging.

The thermal conductivity coefficient was
determined using the absolute stationary method
of longitudinal heat flow, implemented on a KIT-
800 thermal conductivity meter (KB Teplofon,
Russia) [21]. A uniform heat flux q was created at
one end of a ceramic sample with a given cross-
sectional area. The temperature difference is
measured between two cross-sections of the
sample located at a given distance 6. In the absence
of lateral heat losses, the thermal conductivity
coefficient of the sample is calculated using formula
(1) [21]:

q6

1=—_,
tc1 —te (1)

where A is the thermal conductivity coefficient
of the wall material, W/m-K; q is the heat flux
density, W/m?; & is the wall thickness, m; tci and te;
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are temperature constants on the hot and cold
sides of the wall, respectively, K.

The determination of the strength parameters
of xZrO, — (1-x)Al,0s ceramics, as well as the
establishment of the relationship between
strengthening factors and synthesis conditions, was
carried out using the following methods. Hardness
determination was carried out using the sample
indentation method using a Duroline M1
microhardness tester (Metkon, Bursa, Turkey). A
Vickers diamond pyramid was used as an indenter
(the angle between opposite faces was 136°), the
load on the indenter was about 100 N, and the
indentation time (holding the load on the indenter)
was 15 seconds per measurement. To determine
the uniformity of the hardness of the samples,
measurements were carried out in various areas,
which made it possible to determine not only the
isotropy of the hardness over the surface but also
the average value, as well as the standard
deviation. Determination of the resistance to
cracking of the samples under study, depending on
the conditions of their production, was carried out
according to the single compression method on a
Unitest framework SKU UT-750 (Unitest, USA)
testing machine. This technique involves placing
ceramic samples in the form of cylindrical tablets in
a special holder, on one side of which pressure is
applied (the load increases) at a constant speed of
10 mm/min. Monitoring the formation of
microcracks during a single compression is carried
out using the extensometry method and visual
observation of the sample. Also, to determine the
possibility of obtaining ceramics in the form of
tablets with repeatable isotropic strength
properties, cracking measurements were carried
out in the form of serial tests (at least 10 - 15
samples in a series).

Determination of resistance to thermal
influences - thermal shocks that occur during rapid
heating of samples and subsequent rapid cooling by
extraction into air was carried out according to the
following experimental scheme. The samples were
placed in a muffle furnace in special crucibles
(made of zirconium dioxide, capable of
withstanding high-temperature changes while
quickly releasing crucibles from the furnace
chamber to air) and then heated to a temperature
of about 1000 °C (heating rate 50 °C/min), held at
this temperature for 1 hour and then removed
from the furnace to air. The determination of
resistance to thermal shocks was assessed by
changes in strength parameters (hardness and
cracking resistance) depending on the number of
thermal stability test cycles.

The combination of X-ray diffraction analysis
methods and scanning and transmission electron
microscopy, combined with mapping methods,
made it possible to establish phase transformations
in ZrO, — AlL,Os; ceramic samples resulting from
thermal annealing. Using methods for determining
thermal conductivity and hardness, as well as
resistance to cracking, the dependences of changes
in the strength parameters of ZrO, — Al,O3 ceramics
were established. Based on them, conclusions were
drawn about the connection between phase
changes and the strength properties of ceramics,
and optimal compositions were proposed for future
studies of the applicability of these ceramics as
materials for inert matrices of dispersed nuclear
fuel.

Results and Discussion

Figure 1 demonstrates the results of X-ray
phase analysis of the studied ZrO, — Al,O3 ceramics
depending on the thermal annealing temperature,
the variation of which leads to changes in structural
parameters characteristic of structural ordering
processes, as well as the initialization of phase
transformation processes characteristic of the
formation of substitution or interstitial phases. The
general appearance of the presented X-ray
diffraction patterns of the studied samples of ZrO, -
Al,O; ceramics, depending on the annealing
temperature, indicates the polycrystalline structure
of the obtained samples, represented by a
combination of two phases, the diffraction
reflections of which have a well-developed shape
(high-intensity values, as well as an unbroadened
shape, indicating fairly high structural ordering
degree values). Moreover, according to the
obtained X-ray phase analysis data, all presented
diffraction patterns reflect the presence of two
main phases: the monoclinic ZrO, phase (PDF-00-
037-1484) and the rhombohedral Al,O3 phase (PDF-
00-046-1212), the presence of which indicates the
formation of composite ceramics, which are a solid
solution of two phases. At the same time, the
obtained X-ray phase analysis data are in good
agreement with the results obtained by Pulgarin H.
L. C. etal. [22], according to which thermal
annealing of ZrO, — Al,0; compounds in the range
from 1000 to 1600 °C leads to the formation of
ceramics in which ZrO, grains are located inside an
Al,O3; matrix, thereby preventing the coarsening of
Al,O; grains, characteristic of high-temperature
annealing of aluminum oxide. In turn, an increase in
the annealing temperature from 1000 to 1100
°C
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Figure 1 - a) Results of X-ray phase analysis of the studied ZrO,— Al203 ceramics at annealing temperature
variations; b) W-H plots reflecting changes in deformation and dimensional contributions in samples during annealing
temperature variation; c) Comparative analysis of changes in the average grain size and deformation distortion of the

crystal structure

does not lead to the formation of any new
diffraction reflections characteristic of phase
transformation processes, as well as associated
with the possible formation of intermetallic
inclusions of the AlZrs type [23], the formation of
which can occur at grain boundaries under severe
deformation distortions of the crystal structure.

At an annealing temperature of 1200 °C in the
region 26=29-30° and 26=49-50°, the formation of
pronounced diffraction reflections characteristic of

the tetragonal phase of AlZrO, (PDF-00-053-0548) is
observed. The appearance of these reflections, as
well as an increase in their intensity for samples
annealed at temperatures above 1200 °C, indicates
phase transformation processes that occur as a
result of thermal effects on ceramics.

It should be noted that diffraction reflections
near 26=30° can be interpreted for these samples
as reflections of the tetragonal phase t-ZrO,, which
in turn confirms the influence of the presence of
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aluminum oxide in the composition to initiate
processes of polymorphic transformations of the m
—Zr0; - t — Zr0O; type, the formation of which can
be initiated at temperatures above 1100 °C.
Moreover, the presence of aluminum oxide in the
composition of ceramics, especially a fairly large
amount, can accelerate the processes of
polymorphic transformations in zirconium dioxide,
as a result of which aluminum is incorporated into
the tetragonal phase of ZrO,, partially replacing
zirconium at sublattice sites. In this case, aluminum
oxide can be considered as a stabilizing additive,
when added to the composition of ceramics,
polymorphic transformations of the m — ZrO, > t -
Zr(Al)O, type occur. At the same time, analyzing
alterations in the crystal lattice parameters, and
mapping data (see Figures 3-4), it can be concluded
that the t-Zr(Al)O, phase formation occurs in the
ceramics due to differences in the ionic radii of Zr
(0.079 nm) and Al (0.053-0.067 nm), since the
established changes in parameters are less than the
characteristic parameters of the tetragonal phase t
—7r0; (a=3.5984 A, c=5.152 A PDF-00-050-1089).

The formation of this phase is possible as a
result of the partial replacement of aluminum with
zirconium in the rhombohedral lattice, followed by
the formation of AlZrO; grains near the interphase
boundaries. At the same time, such a substitution
mechanism can be explained by the lower melting
temperature of AlLOs (Tmeit a203=2072 °C), as a
result of which, when thermal annealing
temperatures are higher than  0.5Tmeit_aros,
initialization of phase transformation processes
associated with partial substitution processes is
possible. It should also be noted that with a growth
in the AlZrO, phase contribution in the case of
thermal annealing of samples at temperatures of
1400 — 1500 °C, a broadening of the diffraction
reflections of the main phases is observed (most
pronounced for samples annealed at a temperature
of 1500 °C), which indicates a reduction in the size
of crystallites, which in turn indicates that the
formation of the AlZrO, phase is also accompanied
by  recrystallization  processes and  grain
fragmentation of the main ZrO, and Al,O; phases,
which is accompanied by an increase in dislocation
density. The appearance of such effects in the
structure of ceramics can help increase resistance
to external influences, in particular, dislocation
strengthening, which can have a positive effect on
resistance to external influences [24]. The
dislocation density was estimated based on data on

changes in crystallite sizes, using the assumption of
an inverse square dependence of the dislocation
density on crystallite sizes [25].

Using the Williamson — Hall (W-H) method, the
dependences BcosB(4sinB) were constructed, which
made it possible to estimate the contribution of
deformation distortions in the structure of
ceramics, as well as determine the average
crystallite size, the results of which are shown in
Figure 1b-c. During assessment of deformation
distortions in the structure based on W-H plots, it is
clear that the annealing temperature growth from
1000 °C to 1300 °C leads to a decline in the slope
angle BcosB(4sinB), which indicates a decrease in
the strain distortion of the m — ZrO, phase, while
the BcosB(4sinB) dependences characteristic of the
Al,O3 phase indicate a small influence of thermal
effects on the strain distortion degree of the Al,O;
phase, for which the PBcosB(4sinB) dependences
characterize the presence of compressive stresses,
while the deformation m — ZrO; is tensile. At the
same time, analysis of changes in the average size
of crystallites for samples annealed at
temperatures of 1100 — 1300 °C indicates an
enlargement of sizes by more than 1.2 — 1.5 times
compared with these sizes obtained for samples
annealed at a temperature of 1000 °C. An elevation
in the annealing temperature above 1300 °C, which
is characterized by a rise in the contribution of the
t-Zr(Al)O, tetragonal phase, a growth in the
deformation distortion of the m — ZrO, phase is
observed.  Moreover, these changes are
accompanied by a reduction in the crystallite size,
the value of which at an annealing temperature of
1500 °C is about 4515 nm. Assessing changes in
crystallite sizes and deformation distortions of the
crystal lattice, it can be concluded that the
observed broadening of reflections of ceramic
samples annealed at a temperature of 1500 °C is
largely associated with crystallite size reduction,
alongside an elevation in deformation distortion of
the crystal structure of m — ZrO,, due to an increase
in the contribution of the t-Zr(Al)O, phase, the
content of which is initiated by the processes of
polymorphic transformations.

Based on the obtained X-ray diffraction
patterns, using the method of weight estimation of
the established phase contributions, a diagram of
phase transformations was constructed depending
on the annealing temperature, characterizing the
temperature dependence of the formation of the
AlZrO, substitution phase in the ceramic
composition. The results are presented in Figure 2.
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Figure 2 - Assessment results of changes in the phase
composition of ZrO,— Al203 ceramics depending on the
thermal annealing temperature

As can be seen from the data presented in
Figure 2, in the case of annealing temperatures of
1000 and 1100 °C, the main changes in the phase
composition of ceramics occur due to a slight
redistribution of the weight contributions of the
monoclinic ZrO, phase and the rhombohedral Al,O3
phase, the contribution of which, according to the
estimate, is approximately equal. These changes in
this case are due to the effects of structural
ordering, and as a consequence, an increase in the
intensities of diffraction reflections for the ordered

Table 1 - Structural parameter data

phase in the diffraction pattern. At an annealing
temperature of 1200 °C, as shown above, the
formation of reflections characteristic of the
tetragonal AlZrO; phase, the content of which is no
more than 6 % in the ceramic composition, is
observed. A further increase in the annealing
temperature (above 1200 °C) leads to the
displacement of the rhombohedral Al,O3 phase and
an increase in the contribution of the tetragonal
AlZrO, phase, which indicates the formation of this
phase by partial replacement of aluminum with
zirconium as a result of thermal action, and as a
consequence of the formation of a similar
substitution phase.

Table 1 presents the assessment results of the
structural parameters of the studied ZrO, — Al,O;
ceramics depending on the thermal annealing
temperature, which was obtained by comparing the
experimentally obtained positions of diffraction
reflections with reference values, which in turn
makes it possible to determine the influence of
temperature on changes in the parameters of the
crystal lattice and its deformation changes
associated with the processes of synthesis and
subsequent thermal exposure.

Phase Crystal lattice parameters
Thermal annealing temperature, °C
1000 °C 1100 °C 1200 °C 1300 °C 1400 °C 1500 °C
Zr0O; a=5.3107 A, a=5.2982 A, a=5.25463 A, | a=5.20759 A, | a=5.3044 A, a=5.3024 A,
b=5.1937 A, | b=5.18149 A, b=5.17590 A, | b=5.16348 A, | b=5.1917 A, b=5.1958 A,
c=5.1319 A, c=5.1278 A, ¢=5.12936 A, | c=5.13551A, | c=5.1359A, c=5.1379 A,
B=98.978°, B=99.173°, B=99.834°, B=99.188°, B=99.095°, B=98.822°,
V=139.81 A% | V=138.97 A3 V=137.46 A3 V=136.22 A3 | v=139.69 A3 | Vv=139.87 A3
AlZrO» a=3.5915 A, a=3.5522 A, | a=3.5747 A, a=3.5747 A,
c=5.1093 A, c=5.1638 A, | c=5.1436A, c=5.1497 A,
V=65.90 A3 V=65.16 A3 V=65.73A3 V=65.80 A3
AlO3 a=4.7484 A, a=4.7298 A, a=4.7260A, a=4.7503 A, | a=4.7484 A, a=4.7335 A,
c=12.9343 A, | ¢=12.9445 A, c=12.8885A, | ¢=12.9649 A, | c=12.9598 A, | ¢=12.9598 A,
V=252.57 A3 | Vv=250.78 A3 V=249.30 A3 V=253.36 A3 | v=253.06 A3 V=251.48 A3
Degree of
structural 86.64 88.76 91.22 91.96 9235 92.85
ordering, %

—— 54 ——
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The general appearance of the observed
changes in the parameters and volume of the
crystal lattice can be divided into two stages,
corresponding to various processes occurring in

ceramics with variations in the annealing
temperature. The first stage is typical for
temperatures of 1000 — 1200 °C, which is

characterized by a decrease in the crystal lattice
parameters for both established phases ZrO, and
Al,Os, which indicates the structural ordering of the
crystal structure, caused by relaxation processes of
deformation distortions and structural stresses that
arose during mechanochemical grinding of the
samples. At the same time, the structural ordering
degree (crystallinity degree) in this temperature
range increases from 86.6 to 91.2 %, which
indicates a fairly intense relaxation of deformation
structural distortions, the reduction of which is
manifested in an increase in the asymmetry of the
diffraction reflections of samples annealed at
temperatures of 1100 — 1200 °C in comparison with
the shape of the diffraction reflections of samples
obtained at a temperature of 1000 °C. At an
annealing temperature of 1300 °C, an increase in
the crystal lattice parameters is observed, the
change in which is due to the effects of the
emergence and subsequent increase in the
contribution of the tetragonal AlZrO, phase, the
formation of which is accompanied by deformation
processes of distortion of the main phases due to
phase formation processes. With a subsequent
increase in the annealing temperature, the
relaxation nature of deformation distortions in the
crystal structure of ceramics is retained, however,
the presence of the AlZrO, impurity phase leads to
a decrease in the trend of increasing the degree of
structural ordering, which is caused by deformation
distortions associated with the formation of an
impurity phase in the interphase space. It is also
worth noting that the dynamics of changes in
crystal lattice parameters indicate the absence of
effects of broadening of crystal parameters and
volume associated with thermal expansion of the
crystal structure of ceramics.

Figure 3 reveals the microstructure assessment
results of the studied ZrO, — Al,O3 ceramics,
performed using the scanning electron microscopy
method. Determination of elemental analysis was
performed using the assessment method of energy-
dispersive spectra and mapping (assessing the
distribution of elements in samples). As is evident
from the data presented, at annealing

temperatures of 1000 — 1100 °C, the morphology of
the samples is represented by a mixture of
powdery (fine particles) covering larger particles,
which, according to energy dispersive analysis, are
aluminum oxide. At the same time, fine particles,
according to mapping data, are zirconium dioxide.
This type of microstructure of ceramics obtained at
temperatures of 1000 — 1100 °C indicates that at
these temperatures sintering processes do not
manifest themselves in a pronounced form, and the
ceramics themselves are a mixture of two oxides.
At a thermal annealing temperature of 1200 °C, the
formation of large grains of aluminum oxide is
observed, with inclusions of spherical or sphere-
shaped particles, most of which, according to
mapping data, correspond to zirconium dioxide. At
the same time, a detailed analysis of energy
dispersion analysis data revealed (see mapping
data) that several particles also contain aluminum
in low content (less pronounced color contrast),
which confirms the results of X-ray phase analysis
data, indicating the formation of the tetragonal
AlZrO, phase. Further growth of the annealing
temperature above 1200 °C leads to a rise in the
number of such grains in the composition of the
samples, which is one of the indirect confirmations
of the growth in the contribution of the AlZrO,
phase in the composition of the ceramics, alongside
the structural ordering of the ceramics with
thermal annealing temperature growth. It should
be noted that the analysis of the morphological
features of the obtained ceramics indicates that the
samples obtained at temperatures above 1100 °C
are formed as a matrix of aluminum oxide with
inclusions of grains of ZrO; and AlZrO,, which is in
good agreement with the results of the review [26].
Moreover, the formation of AlZrO, grains in
ceramics can be explained by polymorphic
transformation processes such as m-ZrO; - t —
Zr(Al)O,, the initialization of which occurs due to
the partial substitution of zirconium by aluminium,
which in turn results in phase transformations.
Figure 4a-c illustrates a TEM image and the results
of mapping ZrO, and AlZrO, grains of ceramic
samples obtained at an annealing temperature of
1500 °C, reflecting the distribution of elements in
the composition of the grains, according to which it
is clear that aluminum is present in the structure of
the grains, which confirms the presence of
inclusions in the form of AlZrO, grains, the
formation of which is due to the partial substitution
of zirconium by aluminium.
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Figure 3 — Results of microstructural analysis of the studied ceramics with the given element distribution maps
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a) b)

Figure 4 - a) TEM image of spherical inclusions
characteristic of ZrOz and AlZrO> grains; b) Mapping
results for oxygen distribution; c) Mapping results for the
distribution of aluminum and zirconium
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Figure 5 — a) Results of alterations in the values of
hardness and resistance to cracking of ZrO>— Al,03
ceramics in the case of changes in the temperature of
thermal annealing of samples, leading to structural
ordering and phase transformations; b) Comparative
analysis of the assessment results of the strengthening
factors associated with changes in hardness and cracking
resistance in ZrO2— Al.03 ceramics with changes in the
thermal annealing temperature

Figure 5a reveals the assessment results of
alterations in hardness and cracking resistance
values (i.e., the maximum pressure that ceramics
can withstand under external influence in the case
of a single compression). The figure shows the
results of strengthening factors (changes in

hardness and cracking resistance) calculated for
ZrO; — AlL,O; ceramic samples depending on the
thermal annealing temperature. The strengthening
factors were assessed by comparing data on the
hardness and cracking resistance of ceramic
samples annealed at temperatures of 1100 — 1500
°C in comparison with the results obtained for
ceramic samples annealed at a temperature of
1000 °C. As can be seen from the presented data on
the comparison of the hardness and cracking
resistance values, changes in these parameters
depending on the thermal annealing temperature
result in an almost identical trend of changes,
which indicates the positive dynamics of the
influence of thermal annealing and associated
structural changes  (ordering and  phase
transformations caused by the formation of the
substitution phase) on the strengthening of
ceramics.

The general view of the presented data on
changes in hardness and cracking resistance of ZrO,
— AlLO; ceramic samples depending on the

annealing temperature has two characteristic
areas, characterized by different trends in changes
in strength parameters. For samples annealed at
temperatures of 1000 — 1200 °C, the change in
hardness and cracking resistance values is
insignificant and amounts to no more than 3 - 15 %
depending on the annealing temperature (see data
on strengthening factors in Figure 5b). At the same
time, a small change in hardness and cracking
resistance for samples annealed at temperatures of
1000-1200 °C can be explained by effects
associated with structural ordering resulting from
relaxation processes of deformation distortions
caused by mechanochemical solid-phase grinding
with increasing thermal annealing (see data on the
structural parameters of ceramic samples annealed
at temperatures of 1000 — 1200 °C in Table 1). The
formation of a substitution phase of the AlZrO, type
in the composition of ceramics, and a subsequent
increase in its content (increase in weight
contribution) results in a steep increase in hardness
from 1178 HV to 1530 — 1750 HV, which indicates a
positive effect of the formation of impurity phases
on the strengthening effect (i.e. increase in
hardness and resistance to cracking). It is important
to highlight that the most significant changes in
hardness and resistance to cracking in comparison
with samples obtained at a temperature of 1200 °C,
at which, according to X-ray phase analysis, the
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formation of the AlZrO, phase (the content of
which is no more than 6 %) occurs, are observed
with an elevation in temperature from 1200 °C to
1300 °C, at which the strengthening is about 30 %,
and each subsequent increase in annealing
temperature by 100 °C leads to significantly smaller
changes in hardness and cracking resistance.
Analyzing the obtained data on alterations in
hardness and resistance to cracking depending on
the thermal annealing temperature, it can be
concluded that two factors can affect the
strengthening of ceramics: structural ordering
associated with changes in the parameters of the
crystal lattice, caused by its compaction at
annealing temperatures of 1100 — 1200 °C and the
formation of inclusions in the form of an impurity
tetragonal AlZrO, phase, an increase in the
contribution of which leads to significant changes in
strength parameters. The comparative analysis of
strengthening factor changes versus structural
ordering degree in Figure 6 supports the
assumption based on differences in contributions
to ceramic strengthening. It should be noted that in
the case of sample annealing temperatures above
1200 °C, the main effect on strengthening is the
formation of an impurity phase in the ceramic
composition, the content of which increases with
annealing temperature growth. In this regard, it
should be noted that at low temperatures of
thermal annealing (1000 — 1200 °C), the main
contribution to the change in strength parameters
is made by effects associated with crystal lattice
ordering, as well as a decrease in deformation
distortions of the structure due to their relaxation,
and at high annealing temperatures (1300 — 1500
°C), the appearance of the AlZrO, impurity phase
leads to more pronounced strengthening effects,
which can be explained by the presence of
interphase boundaries, as well as dislocation
strengthening (change in dislocation density).
According to the X-ray diffraction data presented in
Figure 1, for samples annealed at temperatures
above 1300 °C, the shape of the diffraction
reflections indicates a decrease in the size of
crystallites, which is characteristic of the processes
of recrystallization of the main phases as a result of
the formation of an impurity substitution phase. As
a result, as the crystallite size decreases, the
dislocation density increases, the value of which, as
is known, is inversely proportional to the square of
the crystallite size. From this, it follows that the

observed increase in strength parameters for
samples annealed at temperatures of 1400 — 1500
°C is due not only to the effects of phase
transformations  but also to  dislocation
strengthening associated with an elevation in
dislocation density.

= |ncreased hardness
® Increased resistance to cracking
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Figure 6 - Comparative analysis of changes in
strengthening factors (changes in hardness and cracking
resistance) depending on the degree of structural
ordering)

Figure 7 demonstrates the assessment results
of the thermal conductivity coefficient of the
studied ZrO, — Al,Os ceramics depending on the
thermal annealing temperature, which were
obtained using the longitudinal heat flow method.
The general appearance of the presented data
showed that the main changes in the thermal
conductivity of ceramics are observed in the case
when the formation of an AlZrO, impurity phase is
observed in the composition of the ceramics, the
appearance of which results in more than twofold
increase in the thermal conductivity coefficient
(from 2.5 to 5.5 — 5.6 W/mxK). This behavior of
thermophysical parameters may be because these
impurity  inclusions  have  higher thermal
conductivity than the dominant ZrO, phase, which
has a rather low thermal conductivity. It should be
noted that the structural ordering that occurs at
annealing temperatures of 1000 — 1100 °C does not
lead to significant changes in the thermal
conductivity of ceramics, which means that the
dominant role in changing the thermophysical
properties of ceramics is played by the presence of
an impurity phase, the contribution of which should
exceed more than 15 %.
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Figure 8 — Results of experiments to determine the
stability of strength parameters to thermal shocks: a)
dependence of hardness change; b) dependence of
change in resistance to cracking

Figures 8a—b reveal the results of experiments
related to determination of the stability of the
strength characteristics (hardness and resistance to
cracking under single compression) of ZrO,; — Al,03
ceramic samples to thermal shocks, simulating
extreme operating conditions of ceramic materials
associated with rapid heating and sudden cooling.
The measurements were carried out in the form of
serial experiments, after each of which the
hardness and cracking resistance of the ceramic
samples under study were established in order to
determine the kinetics of softening as a result of
thermal effects. As can be seen from the presented
data, the most pronounced changes in strength
characteristics are observed for samples obtained
at temperatures of 1000 — 1100 °C, which consist in
a decrease in the values of hardness and resistance
to cracking under single compression after 2
consecutive cycles. Moreover, this decrease is
nonlinear, indicating softening and degradation of
materials as a result of thermal shocks. In the case
of ceramic samples in which the formation of
inclusions in the form of the AlZrO, phase was
observed, changes in strength parameters
depending on the number of cycles have a less
pronounced downward trend, indicating a higher
resistance of ceramics to thermal shocks and
associated degradation processes.

Based on the obtained dependencies of
changes in hardness and the maximum pressure
that ceramics can withstand during a single
compression, softening factors were determined
(decrease in hardness and resistance to cracking),
which reflect the resistance of materials to external
influences that occur under extreme operating
conditions. The assessment results of the softening
factors, as well as the main trends in their changes
depending on the number of test cycles for all
studied ceramics, are presented in Figure 9a — b.
The presented data indicate that the most
pronounced changes in strength parameters
associated with softening are observed after 2-3
cycles, during which the softening grows sharply
and amounts to about 10 — 18 % for ceramic
samples obtained at annealing temperatures of
1000 —1200 °C. In the case of ceramics obtained at
annealing temperatures of 1300 — 1500 °C, the
maximum softening is no more than 2 — 4 %, which
indicates a fairly high resistance of these ceramics
to temperature changes, as well as softening
effects associated with sudden changes in
operating temperatures and, as a consequence,
possible deformation distortions resulting from
thermal expansion of the ceramic structure.
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Figure 9 — Results of evaluation of strength
properties reduction: a) decrease in hardness depending
on the number of cycles; b) decrease in resistance

to cracking

Analyzing the combination of the obtained test
data for thermal shocks and resistance to them
under repeated impacts (as a result of cyclic tests),
it can be concluded that the formation of impurity
inclusions in the ceramics in the form of the AlZrO;
phase results in an elevation in resistance to
structural degradation due to the presence of
interphase  boundaries, which prevent the
processes of deformation distortion of the crystal
structure under thermal influence. At the same
time, the higher thermal conductivity values for
these ceramics also ensure that effects associated
with local overheating at low thermal conductivity,
which can lead to accelerated deformation
distortions of the crystal structure, cannot occur in
the samples.

Conclusions

Using solid-phase mechanochemical synthesis
methods, samples of ZrO, — Al,Os ceramics were
obtained. Their characterization using methods of
X-ray diffraction analysis, scanning electron
microscopy, and methods for determining hardness
and resistance to cracking, alongside thermal

conductivity, made it possible to establish the
dependence of the influence of the phase
composition of ceramics on their resistance to
external influences. The established temperature
dependences of alterations in phase changes,
caused by the formation of the m — Z2rO;, > t —
Zr(Al)O, type polymorphic transformations in the
structure of ZrO, — Al,0s3 ceramics, cause an
elevation in the strength and resistance to cracking
of ceramics, alongside an increase in resistance to
thermal influences resulting in softening due to a
reduction in hardness and resistance to cracking.

Analyzing the dependence of the influence of
the annealing temperature of ZrO, — Al,Os ceramics
on the structural ordering and phase formation
processes, it was found that at a temperature of
1200°C and above, the formation of impurity
inclusions in the form of a tetragonal AlZrO, phase
is observed, which in turn results in the formation
of three-phase ceramics. Moreover, the formation
of the AIZrO, phase occurs due to the partial
substitution of zirconium for aluminum in the
composition of aluminum oxide, which leads to the
displacement of the contribution of the
rhombohedral Al,O3 phase, as well as an increase in
the contribution of the AlZrO, phase from 6 to 20
%.

It is important to highlight that according to
measurement data of the thermal conductivity
coefficient, a change in the phase composition of
ceramics due to polymorphic transformations m —
ZrO; - t — Zr(Al)O; leads to a more than twofold
increase in the thermal conductivity coefficient,
which, together with the increased parameters of
hardness and crack resistance, indicates a positive
effect of the influence of inclusions of the t —
Zr(Al)O; phase in the composition of ceramics, the
formation of which occurs at temperatures from
1200 °C and above.

The obtained results of the influence of the
phase composition of ZrO, — Al,O3 ceramics on the
strength and thermophysical parameters, alongside
resistance to thermal influences, open up the
possibility of considering these ceramics as
candidate materials for inert matrices of dispersed
nuclear fuel. At the same time, the proposed
method for producing composite ceramics using
simple mechanical grinding and subsequent
thermal sintering at a given temperature is not
resource-intensive compared to other methods for
producing composite ceramics (sol-gel method,
chemical coprecipitation), and is also quite easily
scalable, which will allow obtaining the required
amount of composite powders with the specified
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parameters. Based on the established phase
changes, we can conclude that by controlling the
content of the t — Zr(Al)O; phase in the composition
of ceramics, by changing the conditions of thermal
sintering of powders, it is possible to control the
strength and thermophysical parameters. This, in
turn, opens up the possibility of creating an
alternative to ZrO, ceramics, which are considered
one of the promising materials for inert matrices,
due to good compatibility with other materials, as
well as low thermal expansion and fairly high
thermal conductivity among oxide ceramics (except
for beryllium oxide). In this case, the resulting
composite ZrO, — Al,0s, which contains t — Zr(Al)O,
inclusions of more than 10 %, has thermal
conductivity coefficients above 5 W/mxK, which
exceeds the thermal conductivity of ZrO2 ceramics
by more than 2.0 — 2.5 times (thermal conductivity
coefficient for ZrO, ceramics is about 1.7 — 2.0
W/mxK).

In the future, studies of these ceramics will be
aimed at investigating their radiation resistance, in
particular, the influence of the phase composition
of ceramics on resistance to the accumulation of
structural damage caused by the interaction of

heavy ions comparable
fragments of nuclear fuel.
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KomnosutTi KepamuKka KypamMbliHAafFbl aIIOMUHUINA JKIHE LUPKOHUN OKcUaTepi
KOMMNOHEHTTEPiHiH, KOHLLEHTPALUACBIHbIH, ©3repyiHiH, PU3NKA-XUMUANDBIK KIHE
6epiKTiK KacueTTepiHe acepiH 3epTTey

'boprekos A4.6., Y2 Koznosckuii A.J1., 2LlUanmac 4.U., 2lUakup3anos P.U., 3Monos A.U., 3KoHyxosa M.

LKP M Adposnsik pusuka uHcmumymel, Aamamel, KazakcmaH
2/1.H.lymunes amoiHOarbl Eypasus yammelK yHusepcumemi, AcmaHa, Kazakcmaw
3/lameusa YHusepcumemiriy, Kammeoi 0eHe husukacel uHcmumymel, Puea, /lameus

TYRIHAEME

Makana kengi: 8 kapawa 2024
CapantamagaH eTri: 29 kapawa 2024
KabbingaHapl: 4 xeamokxcaH 2024

arnomepaumAcbiH
MenLwepiH

6alinaHbICcTbI

apTTbIpy

Makana KOMNosuTTi KepamuKanapabiH, 6acTankbl OKCUATEPIHIH, KaTbIHACbIHbIH, BAPUALMACbIMEH
6aiinaHbICTbl MeXaHWUKanbIK KaHe Kby OU3MKanblK cunaTTamanapibiH, e3repyiH 3epTreyre
apHanfaH, byn esrepictep KepamukanapablH, $asanbik KypambiHblH, ©3repyimeH 6ainaHbiCTbl.
ZrO; — Al,O3 KOMNO3UTTi KepammMKanapbiH any aaici peTiHAe MeXaHOXMMUANbIK KaTTbl ¢asanbik
apanacTblpy KaHe KeWiHHeH CblHamanapabl TEPMUANBIK KYMAipy aaici TaHaanabl. Pactopibik
3N1EKTPOHAbI MUKPOCKONUA MeH peHTreHdasanblK Tangay aficTepiH naiaanaHa oTblpbin anblHFaH
KOMMO3ULMANBIK KepamuKa «ZrO; TyhipLikTepi TypiHaeri KocbiHAbINapsl 6ap Al203 maTpuuacs!»
TUNTI KYPbIIbIMAAP eKeHi aHbIKTanapl. An 3epTTey 6apbicbiHAa 6acTanKkbl Kypamaarbl antoMUHUIA
OKCUAiHIH  MeNLWepiHiH, *KOoFapblaaybl
TEXeNTiHI
KepamuKanapblHbIH, KYPbIbIMABIK epeKluenikTepiH H6aranay 6apbicbiHAa aNtOMUHUIA OKCUAIHIH,
HaTUXKeCiHae
KaNbINTacaTblHbl KSHE OHblIH, Ca/IMAKTbIK Y/ECiHiH, OKCMATEP KOMMOHEHTTEpPiHiH, KaTblHacblHa
apTaTbiHbl
cMnaTTamanapblH aHblKTay 6apbicbiHAa Gasanblk KypamHblH, BapuaLMAChl KepaMuKanapablH,
6epiKTiriH apTTbipaTbiHbl (KATTbINAbIKTbIH, KaHE LWbITbIHAYFa TO3IMAiNIKTIH ecyi) 6enrini 6onapl,

TYMipWikTepiHii, ecyi MmeH
Zr0; - AlkOs

LMPKOHUIA  AMOKCUAI
aHbikTangpl. CoHpaw-ak, 3epTTenreH

AlZrO, TeTparoHanbabl  ¢$asacbiHblH,  KypblibiMaa

aHbIKTanabl. 3ep1'renreH KepaMuKanapabiH MeXaHUKanblK



https://doi.org/10.31643/2026/6445.05

Complex Use of Mineral Resources. 2026; 336(1):48-63 ISSN-L 2616-6445, ISSN 2224-5243

ananpa Al,0s Ken canMakTbiK yaeci 6ap Kypamaa antoMUHUIN OKCUAIHIH, KaTTbiNbIFbl LUPKOHWUIA
OVOKCUAiHe KapafaH4a TemeH GonFaHAbIKTaH, MeXaHUKaiblK cunaTramanapAiblH TemeHaeyiHe
9KeneTiHi aHbIKTangbl.

Tyiiindi ce30ep: ZrO, — Al,03 KepamwuKanapbl, KOMMO3UTTI KOHCTPYKUMAbIK MaTepuangap,
6epiKTik KacnetTep, 6epikTeHy, dasanbik TPaHCHOPMALMANAP, HKblAY OTKI3MILITIK.
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N3yyeHne BAUAHUA BapuaLmn KOHLEHTPaLMM KOMMNOHEHT OKCUA0B a/IlOMUHUA U
UMPKOHUA B COCTaBe KOMNO3UTHbIX KEPAaMUK Ha ¢M3MKO-XMMM‘-IECKMG n

NPOYHOCTHbIE CBOUCTBA

'boprekos A.6., “?Kosznosckuit A.J1., 2laumac A.U., 2LUakup3aHos P.U., 3Monos A.U., 3KoHyxosa M.

1 UHcmumym adepHoli puzuku M3 PK, Anamamei, Kazaxcma

2 Egpa3ulickuli HayuoHanbHbIl yHUsepcumem um. /1.H. l'ymuneea, AcmawHa, Kazaxcma
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Moctynuna: 8 Hoabpsa 2024
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AHHOTAUMUA

CTaTbA MOCBALLEHA W3YYEHUIO BapuaLMWM COOTHOLIEHWA WMCXOAHbIX OKCMAOB B KOMMO3WUTHOM
KepamuKe Ha U3MEHeHUe NPOYHOCTHBIX U TENNOGU3NYECKUX NAPAMETPOB, USMEHEHUE KOTOPbIX
obycnosneHo u3meHeHMem ¢$as3oBOro cocTaBa KepamuK. B KauecTBe metoga nosydeHus
KOMNO3UTHbIX ZrO2 — Al03 Kepamuk Bbin BbIbpaH mMeTos MexaHoXumuyeckoro TeepaodasHoro
CMELUMBAHMA C NOCNEAYIOWMM TEPMUYECKMM OTKMrom o6pasuos. C npyMeHeHMEM METOA0B
pPacTpoBOI 3INEKTPOHHOMW MUKPOCKOMUM U PeHTreHoda3oBOro aHa/sM3a YCTAaHOB/IEHO, YTO
Noy4eHHble KOMMNO3UTHbIE KePaMUKN NPEACTaBAAOT cObOI CTPYKTYpbI Mo TNy «Al,Os maTpuua
C BK/IOYEHUAMM B BUAE 3epeH ZrOz», Npu 3TOM B XOAE WUCCNef0BaHWUI Bbl0 YCTaHOB/IEHO, YTO
yBE/IMYEHUE COAEPKaHWA B WCXOAHOM COCTaBe OKCMAA aNlOMWUHWUA CAEPKMBAeT PoCT U
arnomepaumio 3epeH AMOKCUAA LMPKOHUA. TaKkxKe B XOfe OLEHKM CTPYKTYpPHbIX 0cobeHHOoCTe
nccnepyembix ZrOz — Al,Os KepaMuk 6bI10 YCTAHOBNEHO, YTO YBENNYEHUE COAEPKAHUA OKCUAa
ANtOMUHUA NPUBOAUT K GOPMMPOBaAHUIO B CTPYKType TeTparoHanbHol ¢asbl AlZrO;, BecoBoW
BK/13Z, KOTOPOI YBE/IMYMBAETCA B 3aBUCMMOCTU OT COOTHOLUEHWA KOMMOHEHT OKCMAOB. B xoae
onpeaeneHns MNPOYHOCTHLIX MAapPamMeTPOB MUCCNEAYEMbIX KEPAMWK Obl0 YCTAHOBNEHO, 4TO
Bapuauma $asoBoOro cocrtaBa NPUBOAMT K YNPOYHEHUIO KepamuK (YBEAUYEHUIO TBEPAOCTU WU
YCTOMYMBOCTU K PacTpeckuBaHWIO), ofHaKko npu Gonblwom BecoBom Bkaage Al,Os B cocTase
HabnoJaeTcAs CHUKEHWE MPOYHOCTHLIX NapameTpos, obycnosieHHoe 6onee  HU3KUMU
noKasaTensimu TBepA0CTM OKCUAA aOMUHUA B CPABHEHWUM C AUOKCUAOM LMPKOHUA.

Knioyesvie cnosa: ZrO, — Al,O3 KepaMuKM, KOMMO3UTHblE KOHCTPYKLMOHHbIE MaTepuasbl,
NPOYHOCTHbIE CBOMCTBA, YNpoyHeHue, pa3oBble TpaHCchOpMaLLMKY, TENAONPOBOAHOCTb.
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ABSTRACT

The article presents the results of technology development and research on the operational
properties of porous aggregate and cement-free concretes based on it. The purpose of the work
is to study lightweight concretes containing a liquid—glass porous aggregate for resistance to
various aggressive influences. The porous granular aggregate was obtained by firing a mixture of
liquid glass with the ash of thermal power plants and an ash aluminosilicate microsphere.
Binders based on caustic magnesite and liquid glass with the addition of thermal energy waste
were used to produce coarse-pored concretes. The choice of cement-free binders is due to the
high adhesion to the filler. The behavior of the developed concretes in various aggressive
environments, under the influence of low and elevated temperatures, has been studied.
The resistance of magnesia concrete to the effects of water and salt solutions has been revealed.
The technological and operational advantages of liquid-glazed concrete are shown, featuring
increased thermal insulation ability, satisfactory resistance to aggressive media and resistance to
low and high-temperature fluctuations. The developed concretes can be used in the enclosing
structures of objects for various purposes.

Keywords: liquid glass materials, porous granules, magnesia binders, thermal insulation
concretes, water resistance, concrete corrosion.
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Introduction

Concrete is the most popular building
composite material. The matrix of concrete - a
composite material - is a hardened binder stone;
the discrete component is the filler.

Materials of natural and artificial origin are
used as filler. Filler grains are characterized by a
variety of shapes and sizes, dense or porous
structures. The filler makes up 70 - 80% of the mass
of concrete and determines the structure and
physical and mechanical properties of the
composite material.

To ensure energy efficiency of construction
projects, lightweight concretes with a density of
500-1600 kg/m?* are used. Thermal and physical-
mechanical properties of lightweight concrete are
provided mainly by the characteristics of the
porous filler. Concretes on porous fillers allow the
implementation of modern technologies in
construction production, expanding the range of
products [[1], [2], [3], [4]].

The structure of porous fillers of artificial origin

is regulated by the choice of raw materials and the
method of porization. Therefore, the prospects for
the development of lightweight concrete are
associated with advances in the technology of
porous fillers. Modern porous fillers are based on a
variety of raw materials and have a wide range of
properties [[5], [6], [7], [8], [9], [10], [11], [12]].

To assess the quality of new porous fillers, not
only the structural and mechanical properties of
the granular material are important. Lightweight
concrete objects are often subject to alternating
wetting and drying, freezing and thawing, and
exposure to aggressive environments under
operating conditions [[6], [7], [8], [9], [10], [11],
[12]]. The porous structure can contribute to the
destruction of concrete components under
environmental influences.

When developing lightweight concrete on
porous aggregate, the choice of binder is very
important. The presence of amorphous silica in the
composition of porous aggregates creates a risk of
alkaline corrosion of cement  concrete
[[13], [14], [15]]. Therefore, the use of new types of
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porous fillers should be preceded by studies of the
operational durability of lightweight concretes
created on their basis.

The current article aims to study lightweight
concrete containing porous liquid glass filler for
resistance to various aggressive effects.

Experimental part

The porous liquid glass filler was obtained by
thermal swelling of granules from a molding
mixture consisting of the following components,
wt.%: liquid glass — 50; thermal power plant ash
(hereinafter referred to as TPP ash) — 20; ash
aluminosilicate microsphere — 30 [16].

Liquid sodium glass with a silicate modulus of n
= 2.7 and a density of 1350 kg/m3 was used in the
experiments.

Chemical composition of TPP ash, %: SiO, 43 —
51; Al,Os 14 - 27; Fe;03 4 —9; CaO 7 — 10; Mg0 2 - 4;
R,O 1 — 2; SO; 2 — 5; loss on ignition is 4 — 15. The
material composition of TPP ash is represented by
aluminosilicate glass, quartz particles, mullite and
unburned coal. The specific surface area of TPP ash is
280 — 300 m?/kg.

Ash aluminosilicate microsphere is a bulk mass
consisting of hollow glass-crystalline particles of
spherical shape with a diameter of 50 - 250
microns. An Aluminosilicate microsphere is a light
fraction of ash residue that is formed during coal
combustion. Chemical composition of
aluminosilicate microsphere, %: SiO; 65 — 70; Al,O3
1-2; Fe;032 —4; CaO to 10. Bulk density 380 — 400
kg/m3.

Granules from the liquid glass mixture, formed
in a drum granulator, were fired at a temperature
of 350°C. The expanded granules had the shape of
a sphere with a diameter of 5 - 10 mm. The
coefficient of swelling of the granules is 1.2. The
physical and mechanical properties of porous liquid
glass granules, determined using standard
methods, are described in Table 1.

To obtain lightweight concrete based on liquid
glass granules, binders with high adhesion to the
porous filler and pronounced binding capacity were
used. These characteristics provide lightweight
concrete with increased strength. Analysis of the
results of developments [[17], [18], [19], [20], [21]]
and the experience of preliminary studies by the
author showed the feasibility of using caustic
magnesite and liquid glass as binders for concrete
mixtures.

When designing the composition of concrete
mixtures, numerical modeling of the porous filler
packaging in concrete was used [22]. For maximum
use of the binding properties of substances, a
preferred region was identified that corresponds to
an average granule diameter of 6-8 mm and a
binder content in the material of at least 30%.
Numerical comparisons of the properties of
concrete based on porous granules of different
sizes indicate that, under load, large granules are
more susceptible to destructive processes. It is
noted that the main role in the stress-strain state of
lightweight concrete is played by the binder, which
causes the redistribution of forces between the
elements of the large-porous structure.

Magnesia lightweight concrete was obtained on
the basis of a mixed binder consisting of caustic
magnesite (grade magnesite powder caustic, with a
magnesium oxide content of at least 75%) and TPP
ash. The concrete mixture was mixed with a
magnesium chloride solution with a density of 1230
kg/m3. Composition of magnesite concrete mix,
kg/m3: porous filler — 210 (955 I/m3); caustic
magnesite — 159; TPP ash — 106; magnesium
chloride solution — 127 (103 I/m3). The magnesite
concrete mixture was prepared in the following
sequence: a mixture of caustic magnesite and TPP
ash, previously activated in an E-max high-speed
mill, was mixed with a magnesium chloride solution
and mixed for 2 minutes. Porous granules were
loaded into the resulting magnesite suspension and
mixed for 3 minutes to evenly distribute the
magnesite paste between the aggregate grains.

The material composition of the liquid glass
binder for lightweight concrete contained
components used to obtain a porous filler.
Composition of the liquid glass concrete mixture, kg
/ m3: porous filler - 210 (955 | / m3); liquid glass -
200 (148 | / m3); TPP ash - 85; ash aluminosilicate
microsphere - 85. The liquid glass concrete mixture
was prepared in the following order: TPP ash and
aluminosilicate microsphere were poured into a
liquid glass, and the mass was mixed for 2 minutes.
Porous granules were loaded into the resulting
liquid glass suspension and mixed for 3 minutes to
uniformly coat the aggregate grains with a binder.

The mobility of concrete mixtures, assessed
using an Abrams cone, corresponded to a cone
settlement of 2-4 cm. Concrete mixtures were
placed in metal forms measuring 100x100x100 mm
and vibrated for 50 s.
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Table 1 — Main properties of porous liquid glass granules

Properties Value Appearance of granules
Average granule density, kg/m3 430 .
Bulk density, kg/m3 205 Vv $
Granule porosity, % 78
Splitting strength, MPa 2.6
Compressive strength in a cylinder, MPa 1.2
Water absorption, % 7.5
Softening coefficient 0.87
Thermal conductivi ty coe fficient, W /(m 0 C) 0.085 1|||"l|||I|\||mI'ﬂl‘||I|I|Jlll\|‘l‘l‘I|||\I|IJI||'I‘Flll|||1|I|||t||l|l|\ll||1||‘I‘I|||ll\|lll|4llllilll[ll‘lllll1ll g

Table 2 — Properties of lightweight concretes based on various binders

Properties

Magnesia concrete

Liquid glass concrete

Appearance

Filler granule in concrete

Nature of concrete destruction during
strength testing

Porosity, % 67 78
Average density, kg/m?3 515 480
Compressive strength, MPa 5.2 4.7
Thermal conductivity coefficient, W/(m °C) 0.113 0.095

After preliminary holding for 1.5 hours, the
molded magnesia concrete samples were subjected
to heat treatment to accelerate hardening. Drying
mode: 0.5 hours — heating to a temperature of 50
°C; 3.5 hours — isothermal holding; 0.5 hours —
cooling.

The molded samples of liquid glass concrete
were pre-conditioned for 1 hour and then
subjected to heat treatment to form water-
resistant compounds in the binder. Heat treatment

mode: 2 hours — heating to a temperature of 350
°C; 2.5 hours — isothermal ageing, 1 hour — cooling.
The strength of concrete samples was
determined using a PGM-1000MG4 hydraulic press.
The thermal conductivity coefficient of concrete
ITP-MG4  thermal
samples

was estimated wusing an

conductivity meter on measuring
100x100x10 mm. The results of concrete tests are

presented in Table 2.
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Discussion of results

The developed concretes have a large-porous
structure, in which the space between the
aggregate granules is free. A thin binder shell,
enveloping the aggregate grains, binds them
together at the points of contact. Due to the high
adhesion of the binders under study, a stable
structure of concretes with high porosity and heat-
insulating properties is formed. The density and
thermal conductivity
developed concretes as heat-insulating materials.
The nature of the destruction of concrete samples
during testing indicates reliable adhesion of the
aggregate to the binder stone (Table 2).

The following are accepted as aggressive
operational humidity
fluctuations, liquid media (water and salt solutions),
and temperature differences. To enhance the
impact of aggressive environments on concrete,
samples with exposed ends were used. This
provided open access to the inner part of the filler
and made it possible to evaluate its durability in the
composition of concrete. The tests used methods
that are generally recognized in research practice.

Resistance to alternate water saturation and
drying was determined by comparing the strength
after a given test cycle with the control indicator.
Test cycle: 4 hours - water saturation, 4 hours - air
drying at a temperature of 20 - 22°C. Inspection
and testing of samples were carried out every 10
cycles. No pronounced defects were found on the
samples during the testing period. The test results
confirmed the satisfactory resistance of lightweight
concrete to fluctuations in ambient humidity (Table
3). The strength of concrete subjected to testing is
83 - 85% of the strength of the control samples.

Water absorption of concrete was determined
taking into account the mass of the initial sample

indices characterize the

impacts on concrete:

and the mass of the sample saturated with
water for 1 day. The value of water absorption is
significantly less than the total porosity of the
materials (Tables 2 and 3), which indicates the
predominance of closed pores in the structure of
concrete. Water mainly fills open voids, and
penetrates the pores on the sections of the
samples.

The water resistance of concrete was assessed
by the softening coefficient taking into account the
strength of the samples after being in water for 3
days and the strength of the original samples in the
air (Table 3). It is important to note that caustic
magnesite and liquid glass are binders that harden
and retain strength only in air conditions. However,
the combination of caustic magnesite with TPP ash
contributed to the formation of water-resistant
hydrated formations in the magnesite binder stone.
The heat treatment mode of the liquid glass binder
containing waste from thermal power engineering
ensured the formation of insoluble crystalline and
amorphous compounds. As a result, the adopted
technological solutions ensured satisfactory
resistance of the studied lightweight concretes to
the effects of water.

The developed concretes were tested for
resistance to aggressive solutions, the composition
of which is represented by salts of various
compositions. Concrete samples were kept in
solutions of magnesium sulfate (concentration 3%),
magnesium (concentration 7%) and
sodium sulfate (concentration 5%). For 12 months.
the samples were examined visually, and after
completion of the tests, the resistance coefficient

chloride

was determined (the ratio of the strength of the
samples in an aggressive environment to the
strength of the control samples). The results of the
concrete tests are given in Table 4.

Table 3 — Indicators of resistance of lightweight concrete to the effects of humid environment and water

Properties Magnesia concrete Liquid glass concrete
Strength after 90 cycles of alternating wetting and
. 4.2 3.8
drying, MPa
Water absorption, % 31 38
Softening coefficient 0.87 0.82
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Table 4 — Indicators of concrete resistance to the effects of salt solutions

Coefficient of resistance of concrete in solutions

Type of concrete magnesium sulfate

(concentration 3%)

sodium sulfate
(concentration 5%)

magnesium chloride
(concentration 7%)

1.13

1.15 0.93

Appearance of concrete after testing

Magnesia

0.84

Appearance of concrete after testing

Liquid glass

Table 5 — Frost resistance characteristics of liquid glass concrete

Characteristic

Appearance of concrete

Strength, MPa 4.7

Before the test

After 50 test cycles

3.7

Magnesia concrete withstood exposure to all
salt environments. Exposure to solutions of
magnesium chloride and sulfate contributed to the
strengthening of magnesia concrete. This is due to
the participation of magnesia salts in the hydration
of magnesia binders.

Liquid glass concrete demonstrated resistance
in the environment of magnesium salt solutions. On
the surface of the samples that were in the
magnesium sulfate solution, white insoluble
accumulations of magnesium hydroxide formed,
which are capable of compacting the structure. In
the sodium sulfate solution, the strength of liquid

glass concrete is reduced by almost half. The
sodium salt solution contributed to the formation
of soluble compounds with the participation of
amorphous components of the liquid glass binder.
This was accompanied by the destruction of the
binder shells around the filler grains. At the final
stages of testing, the destruction of the porous
filler grains was observed.

Frost resistance of concrete was assessed by
the number of freezing and thawing cycles. Before
freezing, the samples were saturated with water.
Freezing mode: freezer air, temperature "minus"
18+2°C, duration 2.5 hours. Thawing mode:
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immersion of frozen samples in water with a
temperature of 20+2°C for 2 hours. Upon
completion of each cycle, the samples were
inspected to detect signs of destruction. When
testing magnesia concrete, chips and small cracks
were found, so after 15 cycles the tests were
stopped. No obvious defects in the structure of

was determined by the number of thermal changes
during which the samples retained their integrity,
and the mass loss did not exceed 20%. The heat
resistance of liquid glass concrete was assessed by
changes in appearance and residual strength after
exposure to high temperatures. The samples were

o kept for 4 hours in a muffle furnace at a
liquid glass concrete were observed. After 25 test o
. temperature of 1050°C. After the furnace was
cycles, the strength of liquid glass samples was ) d off th | led t
92%, after 50 cycles - 78% of the strength of urned  oft, € samples were coole ° .a
temperature of 500°C for 2 hours, then again

concrete not subjected to freezing (Table 5). The
test results showed that liquid glass concrete has
frost resistance that meets the requirements for
wall materials.

Materials based on liquid glass are

characterized by resistance to elevated
temperatures [17]. The developed liquid glass
concrete was tested for heat resistance and heat
resistance. The heat resistance of liquid glass
concrete was determined by the ability of samples
to withstand sudden temperature changes. The
samples were placed in a drying chamber heated to
a temperature of 250°C and kept for 2 hours. Then
the heated samples were immersed in water
(temperature 20°C) for 2 hours. Thermal resistance

exposed to high-temperature action. For heat-
resistant materials, the residual strength should be
at least 80%. The test results showed that thermal
effects increase the density of concrete by 6-15%
(Table 6). At the same time, the strength of
concrete tested for heat resistance decreased by
30% as a result of sample destruction. Concrete
subjected to heat resistance testing is characterized
by shrinkage of 2-3% and strengthening due to
crystalline compounds formed during high-
temperature treatment. Consequently, the test
results indicate the thermal stability of the
components of liquid glass lightweight concrete to
the effects and changes in elevated temperatures.

Table 6 — Resistance of liquid glass concrete to thermal effects

Density, kg/m3 Strength, MPa
Type of test before testin after 25 Appearance after
P g before testing |after 25 cycles testing
cycles
Thermal resistance 510 33
480 4.7
Flame resistance 550 5.8

Table 7 — Comparative economic indicators of concretes of different compositions

Costs, KAZ tenge/m3
Indicators liquid glass concrete magnesite cement expanded clay
concrete concrete
Components of concrete mixtures 42262.26 42375.30 44716.88
Ezf(;i\r/“ngresources for concrete 1117.29 89.96 788.12
Total 43379.55 43465.26 45505.00
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The results of testing lightweight concrete on a
porous aggregate show that the resistance of
concrete to external influences is determined
mainly by the properties of the binder, the shells of
which cover, bind and protect the aggregate
granules. The destruction of the binder is
accompanied by a violation of the bond between
the granules and the destruction of the concrete.
The use of samples with exposed ends in the
experiments, providing access to the aggregate,
made it possible to verify the individual resistance
of the aggregate of different concretes to the most
aggressive influences.

A comparative analysis of the performance
properties of concretes made from different
binders indicates several advantages of liquid glass
concrete. Firstly, with an equal volume of porous
filler, concrete based on a binder made from liquid
glass has a lower density and increased heat-
protective  capacity.  Secondly, satisfactory
resistance to aggressive environments and
resistance to low and high-temperature changes
expands the scope of the application of liquid glass
concrete compared to magnesite concrete. Thirdly,
the pronounced resource-saving focus of concrete
made from a liquid glass binder (170 kg of man-
made waste from thermal power engineering is
used to obtain 1 m3 of concrete mix). Fourthly, the
related composition of raw mixes for porous filler
and binder of liquid glass concrete not only
contributes to reliable adhesion of the components
but also allows organizing a compact integrated
production for the production of porous granular
material and concrete based on it.

The advantages of concrete based on mixed
magnesite binder are satisfactory resistance to
water and high resistance to aggressive
environments. The technology of the developed
magnesite concrete provides for the use of a man-
made component and is characterized by low
energy consumption.

The main economic indicators of the developed
lightweight concrete were calculated. For
comparison, the base object was cement concrete
containing expanded clay as a porous filler.
Comparable strength indicators of different
concretes are achieved provided that the density of
cement expanded clay concrete is 750 kg/m?3, the
thermal conductivity coefficient is 0.155 W/(m °C).
Assuming that the labor intensity of technological
processes does not depend on the composition of
concrete mixtures, only material and energy costs

for obtaining 1 m3 of concrete were calculated.
Comparative indicators of resource intensity of
concretes of different compositions are given in
Table 7.

The highest material costs are typical for
cement concrete, which is characterized by
increased density and, consequently, increased
consumption of concrete mix components. The
high energy intensity of liquid glass concrete is due
to the adopted heat treatment mode. The total
costs of material and energy resources of cement
concrete are 4.48 - 4.67% higher than similar
indicators of the developed concretes.

The efficiency of the developed cement-free
concretes is more pronounced at the stage of
application in construction. To ensure the required
thermal resistance of a wall of a residential building
equal to 3.279 (m? °C)/W, the thickness of the
thermal insulation layer of different concretes,
defined as the product of the thermal resistance
and the thermal conductivity coefficient, will be: for
liquid glass concrete 3.279 (m? °C)/W 0.095 W/(m
°C) = 0.311 m; for magnesia concrete 3.279 (m?
°C)/W 0.113 W/(m °C) = 0.371 m; for cement
expanded clay concrete
3.279(m?-°C)/W-0.155W/(m-°C) = 0.508 m.
Consequently, to achieve a comparable thermal
effect, the consumption of cement expanded clay
concrete is 1.37-1.63 times higher than the
consumption of magnesia and liquid glass concrete.

Conclusions

The technology has been developed and the
operational properties of porous liquid glass filler
and cement-free heat-insulating concrete based on
it have been studied.

The use of magnesia and liquid glass binders
allows the creation of highly porous concrete
structures on liquid glass filler and provides rational
areas of application of lightweight concrete taking
into account resistance to various operating
conditions. The use of cementless binders is also
aimed at developing the technology of building
materials with a low carbon footprint.

The developed composition of magnesia heat-
insulating concrete is characterized by a low-energy
hardening process and high resistance in salt
solutions and water.

The composition of the raw materials and the
proposed conditions for heat treatment of concrete
based on liquid glass binder provide the heat-
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insulating material with resistance to liquid Economic indicators demonstrate the feasibility of

aggressive environments, frost

exposure to elevated temperatures.
The developed cement-free

damage and using the developed cement-free concrete for
energy-efficient construction.
concretes on

porous liquid glass filler can be used in enclosing Conflict of interest: The author states that he has

structures of  objects for vario

us purposes. no conflicts of interest to disclose.

Cite this article as: Miryuk OA. Operational properties of cement-free concrete with porous aggregate. Kompleksnoe

Ispolzovanie Mineralnogo  Syra
https://doi.org/10.31643/2026/6445.06

KeyeKTti TonTbipFbiwbl 6ap

= Complex Use of Mineral Resources. 2026; 336(1):64-73.

LLeMeHTCi3 6eToHAAPAbIH KONAAHbIMADIK KacueTTepi
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TYWIHAEME

MaKanaga KeyeKkTi TOATbIPFbIWTbIH, YK9HE OHblH,  HerisiHaeri uemeHTCi3 6eToHAapAbIH,
KONAAHbIMABIK KacMeTTepiH 3epTTey KaHe TeXHONOTMAHbI AAMbITY HITUXKenepi KenTipinreH.
KYMbICTbIH MaKcaTbl — KypamblHAA CYMbIK LWbIHbIAAH TYPaTblH KeyeKTi TONTbIPFbilbl Hap ¥KeHin
6eToHAapAblH, BPTYP/i arpeccusTi acepsiepre Te3iMAiniriH 3epTTey. KeyeKTi TyMipLuikTi
TONTbIPFbIL CVVIbIK WbIHbl KOCNACbIH Xbl/ly 3/1€KTP CTaHUMANAPbIHbIH KVﬂiMEH XoHe Kyn
ANIOMUHUIA CUAMKAT MUKpochepacbiMeH KyWAipy apKblibl anbiHAbl. Ipi KeyeKkTi 6eToHaapap! any
YWiH KayCTMKaNblK MarHesuT MNeH KblNly 3HepreTUKacbiHblH, KanAblKTapbl KOCbIAFaH CyMbIK
WbIHBIAAH a/bIHFAH TYTKbIP 3aTTap KoAAaHbinAapbl. LleMeHTCi3 TyTKbIp 3aTTapapbl TaHaay onapapblH,
TONTLIPFbILWKA AEreH »KOFapbl agresunacbiHa 6anaHbICTbl. TOMEHTI KaHe »KoFapbl Temnepartypa
acepiHeH ap Typai arpeccuBTi opTaga o3ipneHreH 6eToHAapAblH  dpEKeTi  3epTTengi.
MarHe3uanablk 6€TOHHbIH, Cy MeH Ty3Abl epiTiHginepaiH, acepiHe Te3imainiri aHbikTanabl. CyMbiK
LWbIHbI GETOHHbIH, TEXHONIOTUADIK KaHe NaianaHy apTbiKWbIIbIKTApbl KOPCETINFEH, 0N1ap XKblay
OKLaynay KabineTiHiH, ofapblnaybiMeH, arpeccusTi opTafa KaHafaTTaHAp/bIK TesimainirimeH
YKOHEe TOMeH »JHe XOfapbl TemnepaTypaHblH aybITKyblHA Te3imAinirimeH epeklweneHeai.
O3ipneHreH 6eToHAapAbl 9PTYPAI MaKcaTTafbl OBGbEKTIepAi KOPLWaWTbiH KOHCTPYKUuMAnapaa
KoNAaHyFa bonaabl.

TyliiH ce30ep: cyWiblK WbiHbI MaTepuanaap, KeyekTi TYMipLikTep, marHeananabl TYTKbIp 3aTTap,
XKblNy OKLIaynafbilw 6eToHAap, cyFa Te3iMAiNiK, 6eTOH KOpPPO3UACHI.
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JKcnayaTauMoHHble CBOMCTBA becueMeHTHbIX 6eTOHOB ¢
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AHHOTAUUA

B cTaTbe npuBefeHbl pesysibTaTbl Pa3paboTky TEXHONOTUM U UCCAEL0BAHUI SKCMTyaTaLMOHHBIX
CBOWACTB nopucToro 3anosHuTena u becuemeHTHbIX 6eToHOB Ha ero ocHose. Llenb paboTbl —
uccnefoBaHue NerkMx 6eTOHOB, COAEPMKALLUX MKUAKOCTEKONbHbBIN MOPUCTLIN 3anoNHWUTENb, Ha
CTOMKOCTb K Pas/IMyHbIM  arpeccuMBHbIM  BO3AEWCTBMAM. [TOPUCTBIA  rPaHY/IMPOBaHHbIN
3aMO/IHUTEb MONYYAAN OBKUIOM CMECU KUAKOTO CTEKNa C 30710/ TENNOBbIX 31EKTPOCTAHLUMI U
30/1bHOM  aNIOMOCU/IMKATHOW  MUKpochepoi. [ns nonaydyeHUa KpyrnHONopucTbix 6eToHOB
MCMONb30Ba/N BAXKYLLME, NOJYYEHHbIE HA OCHOBE KayCTUYECKOro MarHe3uTa 1 }MAKOro CTekna ¢
fobaBneHnem OTXOZLOB TensjoBOi 3HepreTMkU. Bblibop BeclemeHTHbIX BAXYLMX 06ycnoBaeH
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BbICOKOW aaresuveit K 3anonHutento. MccnepgosaHo nosegeHue pa3paboTaHHbIX 6GETOHOB B
Pa3NNYHbIX arpeccuBHbIX Cpeaax, NpU BO3AEWCTBUM HU3KUX WM MOBbIWEHHbIX TemnepaTyp.
BbifiBIeHa CTOWKOCTb MarHesuanbHOro 6eToHa K BO3AEWCTBUIO BOAbI M CONEBbIX PACTBOPOB.
MoKasaHbl TEXHONIOTMYECKME U IKCMYaTaLMOHHbIe NPEUMYLLECTBA KUAKOCTEKONbHOTO 6eToHa,
OT/IMYAIOLLErO  MOBbLILEHHON TEenJOM30/NALMOHHON  CMOCOBHOCTbLIO,  YAOBNETBOPUTE/IbHOM
CTOMKOCTbIO K arpeccvBHbIM Cpefiam W YCTOMUMBOCTbIO K Mepenasam HU3KUX U BbICOKMX
Temnepatyp. Pa3spaboTaHHble 6eToHbl MOryT 6biTb  WCMONb30BaHbl B  Orpa)KAAOLLMX
KOHCTPYKLMAX O6BEKTOB Pa3/IMYHOrO Ha3HAYeHUs.
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ABSTRACT

The article presents the results of developing lightweight structural concretes based on ash-slag
waste from the Almaty Thermal Power Plant-2. The ash-slag aggregates were produced using
both firing and non-firing (clinker) technologies. The fired aggregates, obtained with the use of
bentonite clay, exhibited a bulk density of 530-640 kg/m? and a strength of 1.8-4.8 MPa. The
non-fired aggregates based on Portland cement had a density of 644—-690 kg/m? and a strength
of 1.79-2.98 MPa, while those based on liquid glass showed a density of 562—-642 kg/m?® and a
strength of 1.93-3.8 MPa. Using the obtained aggregates, lightweight concretes with a density of
1210-1750 kg/m3 and a strength of 100-152 kg/cm? were produced, meeting the requirements
of GOST 25820-2014. In the compositions without coarse aggregate, the influence of additives
such as CaCl,, superplasticizers, and basalt fibers on the properties of ash concrete was studied.
The strength of the concrete after 28 days exceeded the 7-day strength by 1.5-2.3 times, with
the most significant effect observed from CaCl,. Ash concrete of classes B10-B12 with a density
of 1500-1600 kg/m* was obtained, which according to GOST can be classified as structural-
thermal insulating concrete. The objective of the research is to develop compositions of
lightweight structural concrete based on ash-slag waste. The novelty of the work: for the first
time, ash-slag aggregates based on the ash-slag from Almaty Thermal Power Plant-2 have been
obtained using both firing and non-firing technologies.

Keywords: ash and slag, ash concrete, aggregate, benton clay, firing, hardening, density,
strength.
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Introduction

When coal is burned, 10-45% of ash and slag

opportunities for use in industry and construction,
thus helping to conserve natural resources [2]. The
recycling rate of ASW in Russia is 4-5%, while in
developed countries it is around 50-90%, thanks to

waste (ASW) is produced, which is transported to
ash dumps, forming an ash-slag mixture (ASM) [1].
ASW requires significant operational costs and is a
source of environmental pollution, posing threats
to human health and ecosystems. At the same
time, its chemical and mineralogical composition is
similar to that of natural raw materials, opening up

government support for their utilization [3].

In Germanv. 3.1 million tons of cement are
replaced annuallv with ASW. This oractice saves
resources and energv needed for cement
production. as well as recouns costs related to silos.
transportation, and salaries [4]. In South Africa,
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with financial government support, experimental
construction of roads using fly ash is being
conducted [5]. It has been proven that mixtures of
fly ash with inert materials achieve 50-70% of the
strength of cement-stabilized materials. The
American Coal Ash Association and the Solid Waste
Utilization Group sponsor a project to promote the
use of coal combustion products in construction
[6]. Research is also being conducted on the use of
ASW for lightweight aggregates and concretes. A
patent for a method of producing lightweight
aggregates from carbon-containing waste from
thermal power plants includes mixing with
additives, pellet formation, and firing. The resulting
porous aggregate has a density of 200-300 kg/m?
and a strength of 0.8-1.2 MPa [7].

The study [8] shows that concrete with fired
ash gravel is 22% lighter and 20% stronger than
conventional concrete, with a drying shrinkage 33%
lower. Reducing cement content by 20% does not
affect strength. Gonzalez-Corrochano and co-
authors investigated the production of gravel from
thermal power plant ash, firing at 1175-1225 °C
with a comprehensive analysis [9]. Non-fired ash
gravel can be produced from various ashes and ash-
slag mixtures, with the addition of hardening
accelerators. The strength of non-fired gravel
reaches 3-8 MPa with a density of 600-1100 kg/m?
[10]. The study [11] examined the interaction
processes of fly ash with liquid glass and calcium
chloride, resulting in concrete with strengths of 2.1-
10 MPa.

In the research [12], optimal compositions of
lightweight concrete with fly ash from the Dnipro
Thermal Power Plant were determined: ash
consumption of 370-410 kg/m?3, cement of 140-180
kg, density of 1720-1780 kg/m3, and compressive
strength of 7.3-8.9 MPa. Authors [13] reviewed the
physicochemical characteristics of waste for the
production of building materials. The study [14]
explored the microstructure of pellets made from
ash and glass waste. The article [15] presents data
on fly ash for the production of fired ash gravel and
high-strength concrete (up to 55 MPa). Research
[16] is dedicated to porous concrete with fired ash
gravel, showing strengths of 7.15-15.74 MPa and
water permeability of 9.38-16.07 mm/s.

The work [17] investigated the mechanical
properties of concrete with fired ash gravel,
including the use of steel fibers. Replacing 20-60%
of coarse aggregates with fired ash gravel improved
the workability of the mix but reduced the
concrete's strength. With 40% replacement and the
addition of fibers, the strength reached 42.6 MPa.
The study [18] produced non-fired ash gravel from
the Novosibirsk Thermal Power Plant, with
characteristics of density 970 kg/m3 and strength
6.2 MPa, meeting European standards for
lightweight concretes. Thus, compositions and
technologies for lightweight aggregates from ash-
slag waste have been developed, including both
fired and non-fired gravel, using various binding
agents.

The objective of the research is to develop
compositions of lightweight structural concrete
based on ash-slag waste.

The novelty of the work: for the first time, ash-
slag aggregates based on the ash-slag from Almaty
Thermal Power Plant-2 have been obtained using
both firing and non-firing technologies. Based on
these aggregates, lightweight concretes with an
average density of 1250-1750 kg/m3® and
compressive strengths after 14 days of curing of 10-
14.5 MPa have been produced. Compositions of ash
concrete without the use of aggregates have been
developed, achieving compressive strengths after
28 days of curing of 12-18.2 MPa, corresponding to
concrete grade M150 or classes B10 and B12.5.

Experimental part

Materials. For the experiments, the primary
raw material component used is the fly ash from
Almatinskaya TPP-2, which is produced from the
combustion of coal sourced from the Ekibastuz coal
basin. The actual specific activity of natural
radionuclides in the fly ash ranges from 65 to 80
Bqg/kg, allowing it to be used in housing
construction without restrictions. The chemical
composition of the fly ash from Almatinskaya TPP-2
is presented in Table 1.

Table 1 — Chemical composition of the fly ash from Almatinskaya TPP-2, wt.%

SiO2 TiO2 Al>03 Fe203 Cao MgO Na20 K20 Other
impurities
65.0-65.9 1.1-1.18 21.9-22.7 | 4.55-7.71 | 2.2-2.37 | 0.48-0.92 0-0.84 0.48-0.52 0.96-1.19
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Figure 1 — X-ray Diffraction Pattern of Ash-Slag from Almaty TPP-2

X-ray phase analysis showed (fig. 1) that the
mineralogical composition of the fly ash consists of
mullite (3Al,05:25i0,) — 68.6%, quartz (Si0,) -
26.9%, and calcite (CaCOs) — 4.5%.

For the production of sintered fly ash
aggregate, highly plastic bentonite clay was utilized.
For the non-sintered fly ash aggregate, Portland
cement CEM 132.5 H (GOST 31108-2003) was used.
To enhance the properties of fly ash concrete, the
following additives were incorporated: calcium
chloride as a hardening accelerator, Cemmix
CemPlast as a superplasticizer, basalt fiber,
asbestos fiber, and Sika ViskoCrete 20HE KZ as
another superplasticizer.

Methods

To prepare the mixtures, the ash-slag and clay
were dried in a drying oven at a temperature of
100-110 °C until a residual moisture content of 1-
2% was achieved. When preparing clay-ash-slag
mixtures, the dried clay was ground and sieved
through a 0.63 mm mesh. To obtain filler granules,
the ash-slag and clay were mixed in specified ratios,
and then moistened with water to achieve a
formable mass, from which granules with a
diameter of 10-20 mm were produced using a
laboratory granulator. After drying at 100-105 °C
for 1-2 hours in the drying oven, the granules were
fired in an SNOL 1.6/1300 muffle furnace. Following
this, their density and strength were determined.

For preparing concrete mixtures, fired and
unfired ash-slag fillers were used as coarse
aggregates, and construction sand and ash-slag
were used as fine aggregates. The curing of the ash-
slag concrete samples was performed by keeping
them in a humid environment for 7 and 28 days.

The chemical composition of the ash-slag was
for clinker-based mixtures, the ash-slag was mixed
with Portland cement in specified ratios, then
moistened with water to form a workable mass,
from which granules with a diameter of 10-20 mm
were also produced. Additives were introduced into
the mixture along with the mixing water. After
shaping, the granules were cured in a humid
environment for 14 days, after which their bulk
density and compressive strength in a cylinder were
measured.

For preparing concrete mixtures, both fired and
unfired ash-slag fillers were used as coarse
aggregates, while construction sand and ash-slag
served as fine aggregates. The curing of the ash-
slag concrete samples was performed by
maintaining them in a humid environment for 7 and
28 days.

The chemical composition of the ash-slag was
analyzed wusing a Rigaku NEX CG Il Series
spectrometer. X-ray diffraction (XRD) analysis of the
ash-slag  was conducted on a DRON-3
diffractometer with CuKa radiation and a B-filter.
Diffraction conditions were set at U = 35 kV; | = 20
mA; scanning mode 6-20; and detector speed of 2
degrees/min. The interpretation of diffraction
patterns was carried out using the ICDD data
library.

The thermal conductivity of the ash-slag
concrete was measured using an ITS-1 device. The
physical and mechanical properties of lightweight
aggregates were determined following the method
described in [19], while the physical and mechanical
properties of lightweight concrete were assessed
according to the method in [20]. The thermal
conductivity of lightweight concrete was measured
with an ITP MG4 100 device.
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Results and Discussion

1) Using the aforementioned methodology.
Granules were produced from aluminosilicate
mixtures, which were then subjected to firing at
various temperatures. After cooling, their
properties were determined. Table 2 presents the
compositions of the batches and the properties of
the aggregates based on ash-slag and bentonite
clay after firing. As shown in Table 2, the
compressive strength of the aggregates in the
cylinder is sufficient for their application in the
production of lightweight concrete. With an
increase in the content of bentonite clay in the
composition and the firing temperature, both the
bulk density and strength of the aggregates
significantly increase. Aggregates from
compositions No. 1 and 2, containing 75-80% ash-
slag and fired at temperatures of 1000-1100 °C, are
optimal coarse aggregates for the production of

lightweight concrete. Figure 2 shows samples of the
aggregates.

2) Selection of unfired aggregate compositions.

For the formulation of mixtures to produce
non-fired aggregates, fly ash and Portland cement
CEM 1 32,5 H were used. In the mixtures with
Portland cement, the water-to-cement (W/C) ratio
was set at 0.4 - 0.45. Calcium chloride (CaCl2) was
added to the mixture with the mixing water.

Table 3 presents the composition and
properties of ash-slag fillers obtained using non-
fired technology.

As shown in Table 3, the fillers after curing for
14 days exhibit sufficient strength and bulk density
within acceptable limits. An increase in the amount
of cement in the filler compositions leads to
enhanced strength and bulk density. The addition
of CaCl2 contributes to increased compressive
strength of the fillers in the cylinder. Figure 4
presents photographs of the fillers.

Table 2 — Compositions and properties of aggregate with bentonite clay

No. Compositions 900 °C 1000 °C 1100 °C
Phulk, Compressive Pbulk, Compressive Pbulk, Compressive
kg/m3 strength in kg/m3 strength in kg/m3 strength in
cylinder, MPa cylinder, MPa cylinder, MPa
1 Ash-slag — 80% 530 1.8 545 2.2 550 2.5
Bentonite clay — 20%
2 Ash-slag — 75% 536 1.9 535 2.6 561 2.8
Bentonite clay — 25%
3 Ash-slag — 70% 548 2.4 550 2.9 580 3.2
Bentonite clay — 30%
4 Ash-slag — 60% 565 2.6 600 3.8 640 4.8
Bentonite clay — 40%

a)

a — before firing, b — after firing at 1000 °C

Figure 2 — Samples of ash-slag-based aggregates, composition No. 2
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3) Properties of concrete with ash-slag
aggregates.

Samples of lightweight concrete were produced
using both non-fired and fired ash-slag aggregates.
The concrete mixtures were formulated based on
the composition calculation methodology outlined
in the literature [21]. Two concrete compositions
were calculated: Composition 1, which uses
construction sand as the fine aggregate; and
Composition 2, which replaces sand with ash-slag.

For the production of concrete samples with
fired aggregates, we used the fired ash-slag
aggregate from Composition No. 2 (Table 2). The
concrete samples were formed into cubes
measuring 100x100x100 mm on a laboratory
vibrating table for 10-15 seconds. After forming,
the samples were kept in metal molds for 10-12
hours, after which they were demolded. Further
curing of the specimens was carried out at room
temperature for 28 days in a humid environment.

Table 3 — Compositions and Properties of Lightweight Fillers Based on Ash-Slag and Portland Cement

No. Compositions, % Pbulk, kg/m? Compressive strength in cylinder, Curing of the material
MPa
1 Ash-slag — 80 644 1.79
Cement —20
2 Ash-slag — 75 670 1.95
Cement — 25
3 Ash-slag — 70 687 2.75
Cement — 30 At room temperature, in a
4 Ash-slag — 80 637 2.73 humid environment, for 14
Cement —20 days.
CaCl, -3
5 Ash-slag — 75 665 2.81
Cement —25
CaCl, -3
6 Ash-slag — 70 690 2.98
Cement - 30
CaCl, -3

Figure 3 — Ash-slag aggregates with portland cement (sample numbering according to table 2)

a)
a —using quartz sand as the fine aggregate, b — using ash-slag sand as the fine aggregate

Figure 4 — Cube samples of lightweight concrete with fired ash-slag aggregate
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After 28 days of curing, the average density and
compressive strength of the
determined. The average density of concrete with
quartz sand was 1723 kg/m3, while the average
density of concrete with ash-slag sand was 1210
kg/m3. The compressive strength of concrete with
quartz sand was 17.9 MPa, and the compressive
strength of concrete with ash-slag sand was 15.1
MPa. conductivity
showed that the thermal conductivity coefficients
of the produced concretes were 0.70 W/m-°C and
0.42 W/m-°C, respectively.

For the production of concrete samples, the
non-fired ash-slag aggregate of Composition No. 5
(Table 3) was used. After 28 days of curing, the
average density of the concrete with sand was 1750
kg/m3, while the average density of the concrete
with ash-slag 1250 kg/m3. The
compressive strength of the concrete with quartz
sand was 15.8 MPa, and the compressive strength
of the concrete with ash-slag sand was 12.6 MPa.
Thermal conductivity measurements indicated that
conductivity coefficients of the
produced concretes were 0.72 W/m-°C and 0.45
W/m-°C, respectively.

Thus, as the experimental data demonstrated,
the compressive strength of ash-concrete samples
using fired ash-slag aggregates is higher, while the
average density is lower compared to the concrete

concrete were

Measurements of thermal

sand was

the thermal

samples produced with non-fired (clinker)
aggregates.

4) Development of Ash Concrete Composition
without Aggregates.

Table 4 presents the compositions and
properties of ash-concrete samples with and
without additives after curing for 7 and 28 days
under normal conditions. The content of Portland
cement in the concrete mixture ranges from 19.4%
to 29.6%, the content of ash-slag ranges from
43.2% to 49.5%, and the remainder is water. As
seen in Table 4, the amount of ash-slag in the
concrete mixture exceeds the cement content by
1.5to 2.5 times.

Analysis of the results presented in Table 4
shows that after 7 days of curing under natural
conditions, the concrete samples without additives
exhibit compressive strength in the range of 5.8 to
8.5 MPa. The increase in strength is attributed to
the higher cement content in the concrete mixture.

The addition of an equal amount of CaCl2 at 3%
(by weight of cement) to the concrete mixtures
increases the compressive strength of the samples
by 0.2 to 1.6 MPa after 7 days of curing [22]. The
cube samples of ash-concrete without coarse
aggregate are illustrated in Figure 5.

The addition of a plasticizer reduces the
compressive strength of the ash-concrete samples
by 0.1 to 1.2 MPa.

The incorporation of basalt fiber increases the
compressive strength of the ash-concrete samples
by 0.3 to 0.4 MPa.

Regardless of the type of additive, a correlation
is observed between the strength of the ash-
concrete and the cement content in its
composition. It is noteworthy that the addition of
CaCl2 has a

contributing to an increase in the compressive

significant effect on strength,
strength of the ash-concrete samples. This is clearly
illustrated in Figure 6, which displays the strength
results of concrete samples with and without
additives.

The compressive strength of the ash-concrete
samples after 28 days of curing (Table 4) without
additives ranges from 13.6 to 16.3 MPa, which is 2
to 2.3 times higher than the 7-day strength. This
corresponds to a concrete grade of M150 or a
concrete class of B10-B12.5 [20]. Ash-concrete
samples with the addition of CaCl2 after 28 days of
curing exhibit compressive strength that is 1.8 to 2
times higher than the 7-day strength, ranging from
12 to 18.2 MPa. Among these, the samples with
compositions No. 6, No. 7, and No. 8 correspond to
the concrete grade M150, i.e., concrete classes B10
and B12.5.

Ash-concrete samples with a plasticizer
generally demonstrate lower strength compared to
those without additives. However, the strength of
compositions No. 11 and No. 12 qualifies them for
class B10 concrete.

Ash-concrete samples with basalt fiber
additives also show lower compressive strength
after 28 days of curing compared to the samples
without additives. This can be attributed to the
smooth surface of the fiber and its low adhesion to
the ash. In this series, the strength of compositions
No. 14, No. 15, and No. 16 qualifies them for

concrete class B10.
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Table 4 — Compositions and Properties of Ash-Concrete Samples

No | Weight composition of ash Additives Compressive Compressive Average
concrete strength after 7 | strength after density,
Cement Ash w/cC days, MPa 28 days, MPa kg/m?
1 1 255 | 1.6 - 5.8 13.6 1557.5
2 1 191 | 1.27 - 6.3 15.7 1568.5
3 1 167 | 1.08 - 6.4 16.2 1574.3
4 1 146 | 0.92 - 8.5 16.3 1638.4
5 1 255 | 16 3% CaCl 6.0 12.0 1574.3
6 1 191 | 1.27 3% CaClz 78 152 1489.7
7 1 167 | 1.08 3 % CaCl 95 175 1586.0
8 1 1.46 0.92 3% CaClz 10.1 18.2 1626.8
9 1 2.55 1.6 Plasticizer 4.6 10.0 1492.7
10 1 1.91 1.27 -//- 4.9 124 1518.9
11 1 1.67 1.08 -//- 6.6 13.0 1548.0
12 1 1.46 0.92 -//- 8.4 15.4 1495.6
13 1 2.55 1.6 5 g Fiber 6.1 121 1561.0
14 1 1.91 1.27 5 -//- 6.8 14.5 1573.0
15 1 1.67 1.08 5 -//- 6.9 14.8 1581.2
16 1 1.46 0.92 5 -//- 8.8 15.0 1588.3

Figure 5 - Cube samples of ash-concrete without coarse aggregate: composition No 7 with 3% CaCl, additive (table 4)

Figure 7 illustrates the graphical relationship
between the average density of fly ash concrete
samples and their composition. The average density
varies from 1490 to 1638 kg/m3® and generally
increases with the rising amount of cement in the
mixture.

According to [20], the produced fly ash
concrete samples are classified within the medium-
strength category (compressive strength class B <

B40), specifically class B5. Based on their average
density, these samples are categorized as
lightweight structural-thermal insulating and
structural concrete (density grades ranging from
D800 to D1800).

Thus, the conducted studies demonstrate the
feasibility of producing fly ash concrete samples
without the incorporation of traditional
construction sand in the mixture.
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Figure 7 — Changes in the density of fly ash concrete samples depending on the composition
at 28 days of curing

A rational selection of fly ash concrete mixture
compositions, where the ash content is 1.5 to 2.5
times higher than the cement content, enabled the
investigation of the impact of various additives on
the properties of the samples based on a limited
number of experiments.

The compressive strengths of the concrete
samples were determined after 7 and 28 days of
curing. It was found that the strength of all fly ash
concrete samples after 28 days of curing is 1.5 to
2.3 times higher than their strength at 7 days. A
dependency of fly ash concrete strength on the

cement content in the mixture was observed,
regardless of the type of additive used.

It was established that the fly ash concrete
samples without additives, after 28 days of natural
curing, correspond to the concrete grade M150 or
strength class B10-B12.5.

Fly ash concrete samples containing a
plasticizer and basalt fiber generally exhibit lower
strength values compared to those without
additives. However, samples from these series that
contain an increased amount of cement achieve
strength values that qualify them as B10 concrete.
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Fly ash concrete samples with the addition of
CaCl2 after 7 days of curing show a compressive
strength that is 0.2 to 1.6 MPa higher than the
samples without additives. This indicates that CaCl2
enhances the strength of the concrete in the early
stages of curing. After 28 days of curing, the fly ash
concrete samples with CaCl2 exhibit a compressive
strength of 12 to 18.2 MPa, corresponding to a
concrete grade of M150 or strength classes B10 and
B12.5.

The most optimal fly ash concrete mixes for
manufacturing large products are recommended to
be compositions No. 2 and No. 3 without additives,
and No. 6 and No. 7 with the addition of CaCl2. The
fly ash content in these mixes is 44-45%.
Measurements of the thermal conductivity of
compositions No. 6 and No. 7 showed thermal
conductivity coefficients of 0.612 and 0.618
W/m-°C, respectively.

Overall, the fly ash concrete samples exhibit
compressive strengths of 13 to 18.2 MPa,
corresponding to a strength class of B10-B12. The
average density of the products ranges from 1500
to 1600 kg/m3 which, according to GOST
standards, classifies them as structural-thermal
insulation concretes.

Conclusions

1. For the first time, sintered ash-slag aggregates
have been produced from ash slag of the Almaty TPP-2
and bentonite clay, achieving a bulk density of 530-640
kg/m®* and compressive strength of 1.8-4.8 MPa.
Lightweight concretes with densities of 1723 kg/m? and
1210 kg/m3® were manufactured, exhibiting strengths of
17.9 MPa and 15.1 MPa, respectively. The thermal
conductivity of these concretes is 0.70 W/m-°C and 0.42
W/m-°C.

2. Using Portland cement, non-sintered ash-slag
aggregates have been obtained with a bulk density of
644-690 kg/m3® and compressive strength of 1.79-2.98
MPa. Lightweight concretes with densities of 1750 kg/m?3
and 1215 kg/m3 have strengths of 15.8 MPa and 12.6
MPa, with thermal conductivities of 0.75 W/m-°C and
0.43 W/m-°C, respectively.

3. The density and strength of the concrete meet
the requirements of GOST 25820-2014.

4. Mixture compositions of ash concrete have been
developed without traditional sand and with increased

ash-slag content, allowing for the study of the effects of
additives on the properties of the samples.

5. The compressive strength of the ash concrete
samples after 28 days of curing is 1.5 to 2.3 times greater
than that after 7 days. The strength is dependent on the
cement content in the mixture.

6. Ash concretes without additives after 28 days
correspond to grade M150 or strength class B10-B12.5.
Samples with additives exhibit lower strength; however,
those with increased cement content can be classified as
B10.

7. Ash concretes with CaCl2 show a compressive
strength that is 0.2 to 1.6 MPa higher after 7 days
compared to those without additives. After 28 days, the
strength ranges from 12 to 18.2 MPa, corresponding to
grade M150 or strength classes B10 and B12.5.

8. The optimal compositions for large product
manufacturing are No. 6 and No. 7 with CaCl2 (with an
ash-slag content of 44-45%). The thermal conductivity is
measured at 0.612-0.618 W/m-°C.

9. The ash concrete samples exhibit average
strength (class B5) and are classified by density as
lightweight structural-thermal insulating and structural
concretes (D800-D1800).
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TYRIHAEME

Makanaga Anmatbl HIC-2 KyN-KOXK KaNabIKTapbl HETi3iHAE KeHiN KOHCTPYKLUMANbIK BeToHaapab!
any HatvKenepi YCbIHbINFAH. Ky/i-KOX  TONTbIPFbIWTAPbl  KYyWAipeiH »KaHe KynaipmeunTiH
(KNuHKepni) TexHonorvanap 6okbiHWa AadbiHgangpl. Kyhgipy agicimeH 6eHTOHWUTTI cas
HerisiHaeri TonTbipsbiwTap 530-640 Kr/m3 Kenemagik  Tobifbi3gblfbiMeH KaHe 1,8-4,8 MMa
6epikTirimeH cunaTtangbl. KyigipinmereH TONTbIPFbILWITAPAbIH, NOPTAAHA LLEeMEHTTEr ThIFbI3AbIFbl
644-690 Kr/m3 oHe 6epikTiri 1,79-2,98 Mla 60nafbl, an CyiblK WbIHbIAAFbI TONTHIPFLILTHIH,
ThIfbI3A4blfbl 562-642 Kr/m3 skaHe 6epikTiri 1,93 — 3,8 MIMa 60n4bl. ANbIHFAaH TONTbIPFbILITAPAAH
MEMCT 25820-2014 TananTtapblHa COMKEC KeneTiH Toifbi3gpifbl 1210-1750 Kr/m3 xaHe 6epiKTiri
100-152 kr/m3 eHin 6eToHaap »acangbl. Ipi TOATbIPFBLILCHI3  KyA HerisiHaeri GeTOHHbIH,
kacvettepiHe  CaCl,-gpiH,  acepi, cynepnnacTuduKaTop KaHe  6asanbT  TaaWbIKTapbl
KOCManapblHblH, acepi 3epTTendi. betoHaapabiH, 6epikTiri 28 TaynikTeH KeliH 7 Taynik neH
canbicTbipfaHaa 1,5-2,3 ofapbl 6onbin, ofaH CaCl, ynkeH acep eTTi. Toifbi3abiFbl 1500-1600
kr/m3, B10-B12 knacTbl Kyn 6etoHaapbl anbiHbin, MEMCT 6oibiHIWAE 0napabl KypbLibiMAbIK-
Kby OKLIAyNafblll GETOHAAPFa MKaTKbl3yFa MYMKIHAIK 6epepai. 3epTTeyaiH MaKcaTbl KyA-KOX
KanablKTapbl HerisiHge >KeHin KypblibiMAblK 6eToHAapablH,  KypambliH - any. MKymbICTbIH
JKaHanblFbl: AnFaw pet Anmatbl HKIC-2 KyN-KOXKbIHbIH, HEri3iHAe KyMAipy KaHe KyhaipinmereH
TeXHONOrMANAPAbl NaitAanaHa oTbIPbIn KyN-KOXK TONTbIPFbILLTAPbI alblHABI.

TyliiH ce30ep: KyNn-KoX, Kynai 6eToH, TONTbIPFblIl, BEHTOHUT casbl, KyWAipy, KaTato, TbifbI3AbiK,
6epiKTiK.

MyauHucos M.T.

Aemopnap mypansi aknapam:

TexHUKa fblabiMmOapbiHbiH dokmopel, npogeccop, Cambaes YHusepcumemi, Cambaes K-ci, 22,
050013, Aamamel, KasakcmaH. Email: m.zhuginissov@satbayev.university; ORCID ID:
https://orcid.org/0000-0001-5594-3653

Kynedees E.N.

Mpogpeccop, backapma myweci — Folabim HaHe Kopropamusmik 0amy HeHiHoeai npopekmop,
Cambaes YHusepcumemi, Cambaes K-ci, 22, 050013, Asamamel, Kasakcmax. Email:
kuldeyev@satbayev.university; ORCID ID: https://orcid.org/0000-0001-8216-679X

Hypnelbaes P.E.

PhD dokmopel, 3epmmeywi npogeccop, Cambaes YHusepcumemi, Combaee K-ci, 22, 050013,
Anmamel, KazakcmaH. Email: nurlybayev.savenergy@gmail.com; ORCID ID:
https://orcid.org/0000-0003-0161-6256

OpvbiHbekos E.C.

TexHUKa fblabIMOApbIHbIH KaHOudamel, KaybimoacmelpelasaH npogeccop-3epmmeywi, MLIC
Xanvikapanelk 6inim 6epy kKoprnopayuscsl, Peickynbekos Kkeweci, 28, 50043, Aamameol,
Kasakcmat. Email: orynbekov.savenergy@gmail.com; ORCID ID: https.//orcid.org/0000-0003-
2131-6293

Xamsa E.E.

TexHuka  folabiMOapbiHbIH — mMazucmpi,  Caynem — WaHe  KypolabiC — FblabiMu-3epmmey
3epmxaHacsiHbIK MmeHeepywici, Cambaes YHusepcumemi, Camb6aes k-ci, 22, 050013, Aamamel,
KasakcmaH. Email: y.khamza@satbayev.university; ORCID ID: https://orcid.org/0000-0003-2368-
7485

Uckakos A.A.

bakanasp, uHM#eHep-mexHono2, SAVENERGY MLUIC, AKkeHm biKwam aydaHsi, 4, 050038,
Anmamel, KazakcmaH. Email: isk_888@mail.ru; ORCID ID: https://orcid.org/0000-0002-6403-
2066

Jlerknii KOHCTPYKLMOHHO-TEN/1I0U30NALNOHHbIN 6eTOH C npumeHeHuem 3onbl TIL,
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AHHOTALMUA

B cTaTbe npeacTaBieHbl pe3ynbTaTbl Pa3paboTKM Nerkux KOHCTPYKLMOHHbIX BETOHOB Ha ocHoBe
30/10LU1AKOBbIX 0TX0A408B A/NIMaTUHCKOW TIL-2. 3010wWNaKoBble 3aN0SIHUTENN U3rOTaBAUBANAWCH
no o6Xurosoit M 6e306XXKMroBoi (KAMHKEpHOW) TexHosornam. OBXKWrosble 3anonHUTENM,
NosyYeHHble C WCMoNb30BaHMEM OEHTOHWUTOBOM [/IMHbI, XapaKTepM30Ba/UCb HACbIMHOW
nAoTHocTblo 530-640 Kr/m® u npouHocTblio 1,8-4,8 MIMa. Be306Kurosble 3anosHUTENN Ha
nopTAaHALEMEHTE MMEN NAOTHOCTb 644—690 Kr/m* u npouHocTb 1,79-2,98 MIla, a Ha XUAKOM



mailto:m.zhuginissov@satbayev.university
https://orcid.org/0000-0001-5594-3653
mailto:kuldeyev@satbayev.university
https://orcid.org/0000-0001-8216-679X
mailto:nurlybayev.savenergy@gmail.com
https://orcid.org/0000-0003-0161-6256
mailto:orynbekov.savenergy@gmail.com
https://orcid.org/0000-0003-2131-6293
https://orcid.org/0000-0003-2131-6293
mailto:y.khamza@satbayev.university
https://orcid.org/0000-0003-2368-7485
https://orcid.org/0000-0003-2368-7485
mailto:isk_888@mail.ru
https://orcid.org/0000-0002-6403-2066
https://orcid.org/0000-0002-6403-2066

Complex Use of Mineral Resources. 2026; 336(1):74-85 ISSN-L 2616-6445, ISSN 2224-5243

cTekne — 562-642 kr/m3 n 1,93-3,8 MMNa. W3 nosiydeHHbIX 3aNo/HATENEN U3TOTOB/IEHDI IETKUE
6eToHbl ¢ naoTHOCTbio 1210-1750 Kr/m3 u npouHocTbio 100-152 Kr/m3, cooTBeTCTByHOLLME
TpebosaHuam MOCT 25820-2014. B coctaBax 6e3 KpynmHOro 3ano/sHUTENs W3Y4eHO BAUAHME

Moctynuna: 17 Hoabps 2024 pobasok CaCl,, cynepnnactudukatopa u 6asanbtoBol ¢ubpbl Ha cBOWCTBA 30/706€TOHA.
PeueHsvpoBaHue: 27 Hos6pa 2024 MpoyHocTb 6eToHOB yepe3 28 CyTOK npesbiwana 7-cyTouHyto B 1,5-2,3 pasa, ¢ Hanbonbwmm
MpuHATa B nevatb: 13 0ekabps 2024 addekTom ot CaCl,. MonyyeHbl 30106eToHbI Knacca B10—-B12 ¢ naoTHocTbio 1500—1600 Kkr/m3, no

FOCTy nosBonseT OTHEeCTU MX K KOHCTPYKLUMOHHO-TEMIOU3O0NALMOHHbIM beToHam. Lenbio
nccnepoBaHnA ABNAETCA pa3paboTka COCTAaBOB JIETKUX KOHCTPYKLMOHHbIX HETOHOB Ha ocHoBe
30/10LL1aKOBbIX 0TX0A408. HoBM3HA paboTbl: Bnepsble Ha 0CHOBe 300LWnaka AAMmaTuHCKoi TIL-2
No/y4eHbl 30/10LL1AKOBbIE 3aN0HUTENN NO 06XKMroBOW 1 6e306XKUrOBOIN TEXHONOTUAM.

Knroyeebie cnoea: 3010WNAK, 307106€TOH, 3anonHUTENb, GEHTOHMTOBAs [AWHA, OBGKMr,
TBEpPAEHME, NJIOTHOCTb, MPOYHOCTb.
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ABSTRACT

The article provides an overview of modern methods of processing mining and metallurgical waste
to obtain functional materials such as silicon, rare earth metals, nanoporous silica and other
valuable components. The technologies of processing and purification, including
hydrometallurgical and pyrometallurgical processes, as well as their applicability to various types
of waste generated in the mining and metallurgical complex are considered. Special attention is
paid to the environmental aspects and economic efficiency of waste recycling, as well as the
possibilities of implementing waste-free processes that reduce environmental pollution. Examples
of successful implementation of innovative technologies are given and prospects for the use of
recycled materials in various industries are described. The authors emphasize the importance of
implementing waste-free processes to reduce environmental pollution. The article also discusses
methods for the extraction and processing of silicon and silica, which can significantly improve the
properties of the final products. Innovative technologies for processing waste from mining and
metallurgical production contribute not only to reducing the volume of waste but also to the
creation of new economically profitable materials. The study aims to draw attention to the
importance of waste recycling and demonstrates the potential of their use as valuable raw
materials, which contributes to sustainable development and efficient use of natural resources.
The authors also discuss the prospects for further development of recycling technologies, including
the development of new methods and optimization of existing processes, which will increase
efficiency and reduce waste recycling costs.

Keywords: mining and metallurgical waste, recycling, functional materials, silicon, nanoporous
silica, rare earth metals, waste-free technologies, environmental efficiency.
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Introduction

associated with the generation of significant
volumes of waste, which have a detrimental impact

The mining and metallurgical industry plays a  on the environment. Globally, more than 100 billion
pivotal role in the global economy, supplying tonsof mining and metallurgical waste are produced
essential metals and materials to nearly all industrial ~ annually, much of which is stored in dumps and
sectors. However, the activities of this industry are tailing ponds, posing environmental risks and
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occupying vast areas. Addressing the problem of
waste disposal and recycling is becoming
increasingly urgent in light of growing demands for
environmental sustainability and the rational use of
resources.

Modern waste processing technologies not only
minimize their negative environmental impact but
also enable the extraction of valuable components,
transforming them into useful materials.
Hydrometallurgical and pyrometallurgical processes
occupy a central role in strategies for the recycling
of mining and metallurgical waste due to their ability
to extract metals and synthesize functional
materials. These processes allow for the production
of materials such as nanoporous silica, rare earth
metals, catalysts, and sorbents, which have broad
applications across various industries, including
electronics, energy, and chemistry.

Despite significant progress in the field of mining

and metallurgical waste recycling, numerous
unresolved  challenges remain, particularly
concerning the economic feasibility of the

processes, their environmental impact, and the
quality of the resulting products. The
implementation of a circular production cycle, in
which waste becomes a valuable raw material,
requires the development of innovative
technologies and strategies that ensure maximum
efficiency and minimal environmental risks.

The aim of this article is to provide a
comprehensive review of current achievements and
challenges in the recycling of mining and
metallurgical waste, with a focus on
hydrometallurgical and pyrometallurgical processes.
The article examines modern methods for extracting
valuable components and synthesizing functional
materials and analyzes their environmental and
economic aspects. Special attention is given to the
prospects for applying these technologies in industry
and their contribution to sustainable development.

Thus, this work seeks to highlight the
importance of mining and metallurgical waste
recycling and to discuss strategies that promote the
efficient use of natural resources and the reduction
of environmental burdens.

Processing of silicon from silicon slag

In the context of global sustainable and low-
carbon development, the recycling of silicon from
metallurgical-grade refined silicon slag (MGRSS) has
become increasingly important. The elemental
silicon (Si) content in MGRSS plays a crucial role in
silicon extraction processes, directly influencing the

choice and economic efficiency of
technologies.

In a study [1], a method was developed for
separating and quantifying silicon content and other
silicon phases in MGRSS. First, the silicate present in
MGRSS was dissolved using hydrochloric acid to
extract its content, leaving behind a mixture of
silicon and silicon carbide (SiC) particles. Next, silicon
was dissolved using a combination of nitric and
hydrofluoric acids (HF/HNO3), separating the SiC
particles. The respective contents of silicon and SiC
were then measured. Over two stages, the effects of
dissolution and the repeatability of silicate and
silicon extraction in different acids were analyzed.
Ultimately, the silicon content in MGRSS,
determined through this two-step chemical method,
was found to be 21.84 + 0.53%. This was achieved
using an acid mixture with a 1:1 volume ratio of
HNO3 to HF and a reaction time of 1 hour.

This approach challenges conventional methods
of estimating elemental silicon content in MGRSS,
which often rely on experiential techniques. By
providing a more precise assessment, the method
contributes to improving silicon extraction
processes and reducing the volume of MGRSS, which
primarily contains silicate, silicon, and SiC.
Traditional methods are insufficient for accurately
measuring silicon content and other phases in
MGRSS. For the first time, a technological process
for determining silicon content in MGRSS was
proposed and implemented in this study.
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Figure 1 - Schematic diagram of the experiments:
a block diagram, b principle scheme [1]

The experimental procedure is shown in Figure
1. To further verify the reaction between silicate and
hydrochloric acid, corrosion tests were conducted
on bulk MGRSS samples. The results, illustrated in
Figure 2, reveal that in the original MGRSS (Figure
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2a), light gray areas corresponded to silicate,
spherical gray regions with distinct boundaries
represented silicon, and dark black regions were SiC,
with clearly defined phase boundaries. Figures 2b—d
demonstrate the reaction of silicate with
hydrochloric acid, showing leaching from cracks and
the silicon/silicate boundary. The corroded surface
exhibited noticeable gullies and pits, with
pronounced grooves surrounding Si and SiC. The
silicate surface displayed visible white honeycomb-
like patterns, likely caused by hydrochloric acid
washing the silicate surface for a short period
without forming deep trenches.

e

Figure 2 - EPMA analysis of in-situ corrosion of MGRSS by
hydrochloric acid: an MGRSS before corrosion;
b-d MGSRS after corrosion [1]

Using a two-step dissolution method, silicon and
other phases in MGRSS were successfully separated
and quantified. In the first step, silicates were
completely dissolved with hydrochloric acid. In the
second step, silicon particles were fully dissolved
using the HF/HNO3 mixture, separating the SiC. The
silicon content determined via this method was
21.84%, with a standard deviation of 0.53%,
demonstrating high analytical accuracy. This method
holds significant potential for enhancing silicon
recycling technologies and supporting the
sustainable development of metallurgical-grade
silicon (MG-Si) smelting [1].

This research also explored the separation of
silicon slag produced using both high-temperature
resistance  furnaces and medium-frequency
induction furnaces. Key factors such as melting
temperature, melting duration, gas purging, stirring
methods, and the addition of slagging agents were
systematically analyzed for their impact on the
efficiency of silicon and slag separation. Chemical

composition analysis and microscopic morphology
studies revealed that the primary components of
silicon slag included Si, Fe, Al, Ca, Ti, Mg, and K.
These impurities mainly occurred in oxide forms,
such as SiC, Ca(Al,Si,0s), and Fe,Si0,.

When using a high-temperature resistance
furnace, the efficiency of silicon separation varied
significantly depending on whether argon stirring
was employed. Argon stirring notably enhanced the
separation process, enabling a more complete
separation of silicon and slag. At 1550°C, optimal
separation was achieved by blowing argon into the
molten slag and stirring for 2 hours. Experimental
results indicated that the viscosity and fluidity of the
melt were critical factors influencing separation
efficiency. Effective silicon extraction could be
achieved by increasing the melting temperature and
extending the purging time.

In medium-frequency induction furnaces, silicon
and slag separation occurred more rapidly. Adding a
slagging agent composed of Ca0-SiO,—CaCl, to the
molten material facilitated complete separation in a
shorter time. Microscopic morphology and ICP-AES
analyses of elemental silicon demonstrated that
both argon stirring and electromagnetic stirring
significantly enhanced the extraction and
purification of silicon. These processes also
contributed to reducing environmental pollution by
improving the efficiency of separation and reducing
waste [2].

Currently, numerous industries produce waste
or byproduct streams, which are either stored or
utilized as secondary products. In sectors such as
photovoltaics and semiconductors, the cutting and
grinding of metallic silicon generate valuable
metallic powder byproducts. ReSiTec (Portugal) has
been actively engaged in research and development
projects aimed at advancing innovative technologies
for the recycling and purification of these metal
powders. Particular emphasis has been placed on
metallic silicon powder produced during cutting and
grinding operations.

A novel process has been developed to recover
fine metallic silicon particles, ranging from 0 to 150
microns, from highly diluted wastewater streams.
Established separation and classification techniques
have been modified and optimized to efficiently
clean and recycle metallic silicon powder,
transforming it from waste into valuable new
products. Experimental evaluations demonstrated a
substantial increase in silicon purity, from an initial
50% to levels exceeding 99%, with an acceptable
yield. This advancement suggests that the
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technology could be extended to other industrial
processes involving metallic powder waste streams.
ReSiTec now plays a key role in supporting the
recycling industry by offering research and
development services and producing over 500 tons
of high-purity recycled metallic silicon powder
annually. Despite this progress, large quantities of
metallic silicon powder—exceeding 100,000 tons—
continue to be discarded as industrial waste. Over
the past several years, ReSiTec has refined its
recycling process, particularly for metallic silicon
powders originating from the production of solar-
grade silicon. Notably, the energy consumption of
this recycling process is less than 1 kWh/kg,
significantly lower than that of traditional metallic
silicon production methods, highlighting its
economic and environmental advantages [3].

A waste-free process for extracting
extremely pure nanoporous silica particles
from phosphoric slag

This study focuses on the recycling of
phosphorus slag as a cost-effective source for silica
(Si0,) extraction, addressing both resource recovery
and environmental pollution mitigation. The primary
objective was to establish a zero-waste process for
extracting high-purity nanoporous silica particles
(NPSP) as a valuable product. The process involved
leaching phosphorus slag using nitric acid under
specific conditions: acid concentration (C8M), liquid-
to-solid ratio (r1:3), duration (t2h), and temperature
(T75°C). Calcium oxide (CaO) was also extracted as a
byproduct using oxalic acid. The resulting SiO, and
CaO products achieved purities of 99.16% and
98.65%, respectively. Additionally, the process
demonstrated sustainability through the recovery
and reuse of reagents: approximately 77% of oxalic
acid was reclaimed by cooling the nitric acid solution
containing oxalate to 5°C, and around 85% of nitric
acid was recovered.

The article further reports the outcomes of
phosphorus slag processing using both alkaline and
acidic reagents. Autoclave leaching experiments
with sodium hydroxide and sodium carbonate
solutions revealed silicon extraction efficiencies of
1.1% and 16.6%, respectively. Investigations into
nitric acid leaching for extracting rare earth metals
(REM) from phosphorus slag were also conducted.
Optimal leaching conditions included a nitric acid
concentration of 7.5 mol/dm3, a liquid-to-solid ratio

of 2.6 cm3?®/g, a temperature of 60°C, a process
duration of 1 hour, and a stirrer speed of 500 rpm.
Under these conditions, extraction efficiencies for
REM, calcium, aluminum, and iron were 98%, 99.1%,
99%, and 18.8%, respectively. The remaining silicon-
containing residue was suitable for producing
precipitated silica, containing approximately 75-80%
SiO..

Subsequent leaching of the residue obtained
from nitric acid treatment was performed using
sodium hydroxide in a thermostated cell at 98°C and
in an autoclave at 220°C. The most efficient
extraction occurred in the thermostated cell at 98°C,
achieving a silicon recovery rate of 97.9%. A
comprehensive technological scheme for
phosphorus slag processing was proposed, enabling
the production of rare earth metal concentrates,
precipitated silica (white soot), construction
materials, and fertilizers.

This research provides an in-depth assessment
of phosphorus slag as a resource for extracting rare
earth metals and precipitated silica. It characterizes
the chemical and phase composition of the slag,
identifying the primary elements and trace
components, as well as the forms of silicon-
containing compounds present, demonstrating its
potential for sustainable and resource-efficient
applications [4].
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Figure 3 - Technological scheme for the comprehensive
processing of phosphorus slag [4]
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Physicochemical studies have demonstrated
that slags resulting from electrothermal phosphorus
production represent a valuable raw material for the
extraction of rare earth metals (REEs) and
precipitated silicon dioxide (SiO,). The application of
hydrometallurgical methods, including low-
temperature treatment with acids and alkalis,
facilitates a comprehensive processing approach.
This enables the extraction of valuable components
into solution, ensuring the efficient utilization of raw
materials.

Based on the findings of phosphorus slag
processing, a technological scheme (Figure 3) has
been proposed. This scheme aims to enable the
production of REE concentrates, precipitated SiO,,
construction materials, and fertilizers. Such an
integrated processing framework has the potential
to significantly enhance the value derived from
phosphorus slag.

Despite substantial research efforts, primarily at
the laboratory scale, recycling rates for REEs remain
alarmingly low, with less than 1% of REEs recycled as
of 2011. This inefficiency is attributed to factors such
as inadequate collection systems, technological
barriers, and the absence of economic incentives.
Addressing these challenges necessitates a
paradigm shift toward the development of highly
efficient, fully integrated recycling processes.

This article reviews existing literature on REE
recycling, focusing on three critical applications:
permanent magnets, nickel-metal hydride batteries,
and lamp phosphors. It examines the current state
of pre-processing for end-of-life materials
containing REEs and the subsequent extraction
methods. Both pyrometallurgical and
hydrometallurgical pathways for separating REEs
from non-rare-earth elements in recycled materials
are analyzed in detail. Furthermore, the importance
of life cycle assessment (LCA) in evaluating the
environmental and economic impact of REE
recycling is emphasized.

The review highlights that efficient REE recycling
not only reduces supply chain risks but also mitigates
the significant environmental issues associated with
traditional REE mining and processing. By adopting
integrated recycling technologies informed by the
existing body of research, significant advancements
in  resource efficiency and environmental
sustainability can be achieved.

The most prevalent rare earth element (REE)
magnets are predominantly composed of
neodymium-iron-boron (NdFeB) alloys. These
magnets feature a matrix phase of Nd,FeuB,

encompassed by a grain boundary phase enriched
with neodymium. Additionally, they contain trace
guantities of other elements, including
praseodymium, gadolinium, terbium, and notably
dysprosium, alongside various transition metals
such as cobalt, vanadium, titanium, zirconium,
molybdenum, and niobium [5].

The recycling and reuse of metals are pivotal for
fostering a resource-efficient economy. While
efficient recycling pathways are well-established for
base metals (e.g., iron, copper, aluminum, zinc) and
precious metals (e.g., gold, silver, platinum group
metals), the recycling rates for end-of-life REEs were
notably low, with less than 1% being recycled as of
2011. A life cycle assessment conducted in 2007
estimated global REE reserves to be approximately
four times the annual extraction volume [6].

Mining industry waste, including acid mine
drainage  (AMD), represents a significant
environmental challenge due to its potential to
contaminate surface and groundwater systems.
AMD poses a critical threat to ecosystems and water
resources. Simultaneously, the synthesis of
advanced nanomaterials has become an integral
aspect of modern technological advancements.
However, traditional methods for producing
nanomaterials are associated with high costs and
environmental concerns due to the reliance on
hazardous chemicals and  energy-intensive
processes.

An emerging and promising solution lies in the
utilization of mining waste and AMD as raw
materials for nanomaterial production. This
approach not only facilitates the detoxification and
valorization of waste but also yields functional
nanomaterials with properties comparable to those
synthesized from pure chemical precursors. For
instance, this strategy has been successfully applied
in the synthesis of iron- and copper-based
nanomaterials, which exhibit substantial potential
for diverse applications. This study emphasizes the
production of nanoparticles and nanocomposites
derived from mining waste and AMD, demonstrating
the dual benefits of environmental remediation and
resource recovery [7].

The initial precursor material predominantly
comprised iron sulfate, derived from tailings
produced by the company’s iron mining operations.
The second precursor material was obtained via acid
extraction from iron-rich sludge, which was
collected from the Doser River following the collapse
of the Fundao Dam in Mariana in 2015. The synthesis
of hybrid materials was carried out as follows: cobalt
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chloride hexahydrate (CoCl,-6H,0) and spent iron
salts were dissolved in water containing natural
organic matter. The resulting solution was alkalized
to a pH of 9 using a 1M sodium hydroxide (NaOH)
solution. The precipitate was subsequently washed
and dried. Scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) analyses
revealed the formation of nanostructures, while X-
ray diffraction studies confirmed the formation of a
cobalt ferrite phase (CoFe,04). The synthesized
hybrids (NOMCoFe,04) achieved a remarkable 99%
conversion of nitrophenol within 1-2 minutes.

In another investigation, manganese ferrite
(MnFe;04) was synthesized from low-grade mining
waste containing both iron and manganese. The
precursor material was initially heated to 700°C,
followed by leaching in a sulfuric acid (H,SO4)
solution. The filtrate was purified, and its
composition was adjusted to maintain a molar
Fe:Mn ratio of 2:1. The synthesis of MnFe,;04
nanoparticles was conducted by precipitation at
90°C. The resulting nanoparticles, with an average
size of 45 nm, exhibited a saturation magnetization
of 51.03 emu/g and demonstrated potential for
energy storage applications.

Research over the past two decades has shown
the following:

1. Mine tailings can serve as a valuable source
of iron for synthesizing diverse nanoparticles,
including magnetite, interconnected a-Fe;0s3,
ferrites, and their composites, as well as copper and
selenium nanoparticles. These materials exhibit
properties and potential applications comparable to
those synthesized from pure chemical precursors.

2. Acid mine drainage (AMD) has been utilized
as a source of iron for synthesizing various magnetic
nanoparticles, such as magnetic zero-valent iron,
goethite, and hematite, as well as copper, zinc, and
lead sulfide nanoparticles and their respective
nanocomposites. AMD has also shown potential for
silicon nanoparticle (SiNP) synthesis. Moreover, the
materials produced from AMD have demonstrated
their capacity to remove a wide range of pollutants
from contaminated water. Notably, many studies
have used real waste as raw materials.

Despite these promising results, several
limitations remain. Most experiments have been
conducted on a small laboratory scale. The use of
strong acidic solutions for leaching mining waste and
strong alkaline solutions (e.g., NaOH) to adjust the
pH during AMD treatment is a common practice,
raising environmental and safety concerns.
Furthermore, the stabilization of non-magnetic

nanoparticles within various composites or on
different supports (e.g., clay or zeolite) has been
insufficiently explored, despite its potential to
enable easier separation and reuse of these
nanocomposites.

In conclusion, the synthesis of nanoparticles and
nanocomposites from mining waste and AMD offers
a promising, environmentally sustainable approach
to mitigating the environmental impact of these
waste streams while generating valuable materials.
However, the full-scale implementation of this
approach remains a challenge and requires further
research and development [8].

The extraction of silica from waste materials or
by-products has recently emerged as a significant
focus in scientific research. A substantial volume of
silica-rich materials, including  agricultural,
industrial, and mining residues, is frequently
discarded. Table 1 provides a detailed list of silica-
containing waste materials, their respective sources,
and the amount of silica present prior to processing.
The silicon or silica content in these wastes varies
depending on multiple environmental factors.

As waste volumes continue to rise, their reuse is
gaining increasing importance, particularly given the
environmental challenges posed by waste disposal
and pollution. In this context, silica-rich waste is
increasingly regarded as a renewable and
sustainable resource with the potential to serve as a
cost-effective precursor for the extraction of silicon
nanoparticles (SiNPs). Over the past decade,
significant progress has been achieved in producing
mesoporous SiNPs from waste materials, with
numerous simple and efficient methods being
proposed for this purpose [9].

Synthesis of functional materials from
solidified slags

Metallurgical slags represent a promising
resource for the development of novel functional
materials due to their rich composition and
availability. These by-products of metallurgical
processes have been successfully utilized in the
production of various advanced materials, including
sintered glass-ceramics [[10], [11]], porous ceramic
materials [[12], [14]], ceramic bricks [13], functional
zeolites for wastewater treatment [14], and
refractory materials [15].

Among these applications, the synthesis of
functional glass-ceramics and zeolites stands out as
particularly significant. Glass-ceramics produced
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from metallurgical slags exhibit unique structural
and mechanical properties, making them suitable
for applications such as construction materials,
wear-resistant surfaces, and even specialized
industrial tools. Similarly, zeolites derived from slags
have demonstrated exceptional capabilities in
environmental  remediation, particularly in
wastewater treatment, owing to their high surface
area, ion-exchange capacity, and adsorption
properties.

This study focuses on exploring and advancing
the utilization of metallurgical slags for the synthesis
of these functional materials, emphasizing their
potential to contribute to sustainable material
development and waste valorization strategies.

Previous studies [16] investigated the
solubility, reactivity and nucleation behavior of
Cr,03 in the CaO-MgO-Al,03-Si0, glassy system.
The experiments were conducted by melting
the slag containing up to 5 mol% Cr,0s at 1400°C
to study the effect of magnesium content on
spinel formation. At the melting temperature, it
was assumed that the reaction between Cr,03
and MgO resulted in the formation of stable
MgZCr204.

In a related study [17], the mineralogical and
petrological properties of Ca0-Si0,-Al,03-MgO-Fe-
Cr slags obtained during the production of high-
carbon ferrochrome were investigated. The results
showed that the slag solidified into a semi-crystalline
structure comprising hypidiomorphic spinel crystals
((Mg, Fe)(Fe, Al, Cr),04) dispersed in a homogeneous
glassy matrix.

Pyroxene

Glass phase

__ Mg-ALCr spinel

Mg-Al spinel

Figure 4 - Phase composition and mineralogy of air-
cooled ferrochrome slags [17]

This study focused on the selective dissolution of
zinc, gallium and germanium from zinc smelter
residues using a staged leaching process.
Thermodynamic analysis confirmed that the
selective leaching of Zn, Ga and Ge could be
achieved by optimizing the pH conditions. The first
stage used sulfuric acid solutions (2 mol/L H,S0,)
with a liquid to solid ratio of 10 ml/g at 80°C for 4
hours, which resulted in the leaching of more than
93% of Zn, nearly 100% of Ga and less than 8% of Ge.
The second stage used sodium hydroxide solutions
(1 mol/L NaOH) with a liquid to solid ratio of 20 ml/g

at 80°C for 4 hours [18].
Based on the comprehensive characterization of

zinc refining residues, a two-stage leaching process
was implemented in this work. In the first stage, Zn
and Ga were selectively leached by adjusting the
concentration of sulfuric acid, resulting in Ge being
enriched in the sulfuric acid leaching residue. In the
second stage, Ge was efficiently extracted into
sodium hydroxide solution by breaking its bond with
Si. The leaching mechanisms were further elucidated
by analyzing changes in the mineral phase
composition [[19], [20]].

Ta6nu|.|,a 1 - MNepeyeHb KpeMHE3EeMCOAEPKALLNX OTXOA0B C YKa3zaHMEM UX NCTOYHUKOB N KOJIMYECTBOM KpemHesema

Touka dasa/3oHa (o) Mg Si K Ca Cr Fe
2 Crekno 47.51 7.02 10.06 28.69 0.96 3.61 1.11
3 Mg-Cr-Al-Sp 40.08 16.69 27.69 15.82 0.94
4 MupokceH 45.79 21.94 3.09 26.11 2.04 0.50
5 Mg-Al-Sp 43.67 17.33 38.53 0.47
7 Crekno 47.13 6.84 10.18 28.80 0.91 3.54 1.57
8 docreput 43.10 34.01 20.30 1.60 0.99
13 Crekno 47.46 6.70 11.11 28.42 1.20 3.73 1.28
14 MupoKceH 45.50 21.62 3.46 26.05 2.24 0.50
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Conclusion

Mining and metallurgical waste represents a
significant source of valuable materials, including
metals, oxides, and silicate compounds, which can
be effectively recycled into functional materials.
Their recycling not only helps minimize
environmental impact but also creates new
economic opportunities.

To further advance the recycling of mining and
metallurgical waste, research focused on improving
existing technologies and developing new
approaches is essential. Special attention should be
given to integrating a circular economy into
production processes, which will enable the most
efficient use of resources and minimize
environmental risks.

The transformation of mining and metallurgical
waste into functional materials is a promising field
that combines environmental responsibility with
economic benefits and innovative solutions. Success

in this area requires the integration of scientific
research, industrial collaboration, and governmental
support to achieve sustainable development and
efficient use of natural resources.
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Tay-KeH meTannyprua KanablkTapblH GQYHKLMOHANAbI MaTepuangapra
aliHanAbIpy: TEXHONOTUANAP MEH KOCbiMLIANapFa LWony
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nepcnekTuBanapbliH,

MaKanaaa KpemHWit, cUpeK KesaeceTiH MeTanaap, HaHO-KeyeKTi KpeMHUI AMOKCUAj KaHe backa
Ja KYyHAbl KOMMNOHEHTTepAeH TypaTbiH GYHKUMOHANApl maTepuangapapl any ywiH Tay-KeH
METaNNYPruANbIK KanablKTapabl OHAEYAH, 3aMaHaymn aicTepiHe WOy »Kacanagbl. OHAey XKaHe
TasapTy TEXHONOTrMANApPbl, OHbIH, iWiHAE FMAPOMETANNYPIUANBIK KIHE NUPOMETaNNYPrUANbIK
npouectep, COHAAN-aK onapablH, Tay-KeH MeTaNNypPrusablk KeweHiHae Ty3iNeTiH KanablKTapablH,
PTYpPAi TYpAepiHe KonAaHblaybl KapacTbipblnagpl. Kanapiktapabl KakTa eHAaeyaiH SKONOTUANBIK,
acnekTiNiepi MeH 3KOHOMMKanbIK TUiMAiniriHe, coHAaW-aK KopllafaH OpTaHblH, /1aCTaHyblIH
TOMeHAEeTyAi KaMTaMachI3 eTeTiH KaiAbIKCbI3 NpoLecTepai eHrizy MyMKiHAiKTepiHe epeKLe Ha3ap
ayaapblnagbl. MHHOBaLMANBIK TEXHONOTUANAPAbI CTTI €Hri3yAiH, MbiCangapbl KenTipinreH xaHe
9PTYpAi cananapaa ekiHwi peTTik maTepuangapabl nandanaHy nepcnekTMBanapbl cunaTranfFaH.
ABTOp/Iap KOpLUafaH OpPTaHblH, /NacTaHyblH a3aWTy YWiH KanAblKCbi3 npouecTepai eHrisyaiH,
MaHbI3AbIIbIFBIH aTan KepceTedi. Makanaga COHbIMEH KaTap COHfbl ©HIMAEpAiH KacueTTepiH
alTapAbIKTal }KaKcapTyFa MYMKIHAIK 6epeTiH KpeMHUIA MEH KPEMHUIAAI any KaHe eHAaey aaicTepi
TanKblNaHagbl. Tay-KeH MeTaNNyprus eHAIPICiHIH KaNabIKTapbliH KalTa eHAeyaiH, UHHOBALMANDIK
TEXHONIOTUANAPLI KANABIKTAp KeNeMiH a3aiiTyfa fFaHa emec, COHbIMEH KaTap KaHa 3KOHOMMKabIK,
TMiMA]I MaTepuangap *Kacayfa fga blknan etegi. 3epTrey KanAblKTapapl KauTa eHAeyAiH
MaHbI3AbI/IbIFbIHA Ha3ap ayAapyfa GaFblTTanfaH XXaHe onapabl Tabufn pecypcrapablH, TypaKTbl
Aamybl MeH TUMiMA] NaidanaHbiNybliHa bIKNan eTeTiH KyHAbl LWKKI3aT peTiHAe NnaiganaHy aneyeTiH
KepceTeai. ABTOpnap COHbIMEH KaTap KaWlTa eHAey TeXHONOrUANapblH OfaH dpi AambITy
COHbIH, iWiHAe »KaHa apicTepai a3ipneyai xaHe 6ap npouecTepai
OHTaMNaHAbIPYAbl TaNKblAAWAbI, Byn TMIMAINIKTI apTTbipyFa aHe KaWTa eHAey WblfblHAAPbIH
a3alTyFa MyMKiHAK Bepegi.
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AHHOTAUMA

B ctatbe npeacrasneH 0630p COBPEMEHHbIX METOA40B NepepaboTKM FrOpHO-METaNNypPruyeckux
OTXOZOB C LE/Ibl0 MNOAyYeHWs OGYHKUMOHANbHbLIX MaTepuanos, TaKMX KaK KpPemHMuiA,
pefKo3emenbHble MeTasiibl, HAHOMOPWUCTbIM KPEeMHE3eM W APYrMe LEeHHbIe KOMMOHEHTbI.
PaccmatpuBatoTcs TEXHOMOMMU NepepaboTKM M OYMCTKM, BKAKOYAA TMAPOMETANNypruyeckne m
NMPOMETANNYPrUYECKME NMPOLLECCHI, @ TaKKe UX NPUMEHUMOCTb K Pas/iMyHbIM BUAAM OTXOA0B,
06pasylowmxca B rOpHO-MeTa//lypruiyeckom Kommsekce. Ocoboe BHUMaHMe yaensercs
3KOIOTMYECKMM acneKTam M SKOHOMMYEcKoW 3dPeKTUBHOCTM nepepaboTKM OTX040B, a TaKkKe
BO3MOKHOCTAM BHeApeHMsA 6e30TX0AHbIX NpoLLeccoB, 06ecneunBalomx CHUXKEHME 3arpaA3HeHns
OKpy»KatoLLel cpelbl. MpuseaeHbl TPUMEPbI YCNELHOTO BHEAPEHWSA MHHOBALLMOHHbIX TEXHOIOMMIA
M OMMCaHbl MEPCreKTUBbI WCMO/Ib30BAHWA BTOPUYHLIX MATEPMAsoB B Pa3/IMYHbLIX OTPACAAX
NPOMBbILWNEHHOCTM. ABTOPbI MOAYEPKUBAKOT 3HAYMMOCTb BHEAPEHMA BE30TXOAHbIX NPOLLECCOB AR
CHUXKEHMA 3arpA3HEHWUs OKpYyKalolwei cpelbl. B CTaTbe TaKXe paccMaTpMBalOTCA METoApl
n3BNEYEHMA U NepepaboTKU KPEeMHMA U KPeMHEe3ema, YTO MO3BOJISET CYLLECTBEHHO Y/YHLWUTb
CBOMCTBA KOHEYHbIX NPOAYKTOB. MHHOBALMOHHbIE TEXHONOTMMM MepepaboTKU OTXOAOB TOPHO-
MeTasIIyPruyeckoro nNpou3BoACTBa CNOCOBCTBYIOT HE TO/IbKO YMEHbLIEHUI0 06bema 0TX0L08, HO
M CO34aHUI0 HOBbIX 3KOHOMMYECKM BbIrOAHbIX MaTepuasnos. MccnegosaHue HampasneHo Ha
npuBAEYEHNE BHUMAHUA K BaKHOCTM nepepaboTKuM OTXOL40B M AEMOHCTPUPYET MOTEHLMAN UX
MCNO/b30BaHMA B KayecTBe LEHHOMO CbipbsA, YTO CMNOCOBCTBYET YCTOMYMBOMY PasBUTUIO WU
3bPeKTUBHOMY MCNOb30BAHUIO MPUPOAHBIX PECYPCOB. ABTOPbI TaK¥Ke 0BCYKAAIOT NEPCNEKTUBDI
JanbHeWlwero pasBuTUA TeXHOMOrMi nepepaboTku, BKAOYAA pPa3paboTKy HOBbIX METOA0B M
ONTMMM3ALMIO CYLLECTBYIOLLMX MPOLECCOB, YTO MO3BOJIUT MOBLICUTb 3POEKTUBHOCTL U CHU3UTb
3aTpaThbl Ha NepepaboTKy OTXOA0B.

Knioyesble €n108a: TOPHO-METANNYPIUYECKME OTXOAbl, nepepaboTka, GYHKUMOHaNbHbIE
MaTtepuasnbl, KPEMHWIA, HAHOMOPUCTbIN KpemHeseMm, pegKo3emesibHble mMeTanbl, 6e30TxoaHble
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Technology for processing balanced feed charge
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ABSTRACT

The study examined the behavior of copper, lead, zinc, and arsenic during the reductive-oxidative
processing of a balanced charge under scaled-up technology conditions. The optimal parameters
for ensuring high comprehensive recovery of metals into targeted products were identified: lead
into rough lead, copper into matte, and zinc into slag. The feasibility of conducting reductive-
oxidative smelting of a balanced charge was demonstrated. Optimal technology parameters were
established: gas blowing time with natural gas — 20 minutes; with oxygen — 20 minutes; methane
consumption — 1.7 times higher than that from the stoichiometric requirement for the reduction
of lead compounds; oxygen consumption — 1.4 times higher than that from the stoichiometric
requirement for the oxidation of zinc and iron sulfides; temperature — 1523 K. High rates of
comprehensive selective recovery of metals into targeted products were achieved: lead into rough
lead — 97.6%; copper into matte — 98.6%; zinc into slag — 56.8%, into matte — 1.7%, into dust and
gases — 41.5%; arsenic and antimony into dust — up to 97.4% and 90%, respectively. A balanced
charge processing technology has been developed for processing substandard intermediates of
copper and lead production.

Keywords: copper, lead, zinc, natural gas, smelting, extraction, processing.
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Introduction

One of the important tasks of sustainable
development of non-ferrous metallurgy in
Kazakhstan is the organization of new productions
(technologies) aimed at the complex processing of
substandard intermediate products and recycled
materials of copper and lead production with
maximum extraction of non-ferrous and associated
valuable metals. This is since the increase in the
content of toxic and carcinogenic arsenic [[1], [2],
[3], [4], [5], 6], [7], [8], [9]] in sulfide concentrates
[[10], [11], [12], [13], [14], [15], [16]] significantly
affected its distribution between the gas, slag and
matte phase in smelting processes [16]. As a result,
large volumes of substandard intermediate
products, recycled materials and man-made waste
with increased arsenic content were formed. On the

one hand, this increased their negative impact on
the environment and public health, which hinders
their further processing. Serious pollution of the
environment and significant harm to human health
are caused by emissions of arsenic, especially As;0s.
Arsenic control has become one of the important
issues for all copper and lead smelters [17].

Based on the above, it can be stated that the
dominant linear model of obtaining lead and copper
from low-quality primary sulphide raw materials in
the production of non-ferrous metals does not meet
modern requirements of today. Industrial
development of technologies for processing
substandard copper-, lead-containing intermediate
products and recycled materials of lead production
is included in the number of the most important
priorities for the innovative development of the
mining and metallurgical industry of Kazakhstan.
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In recent years, the circular economy model has
been widely spread in the global economy within the
framework of the concept of "zero waste". Systems
for managing substandard multi-component
intermediated products and man-made waste in
many countries already meet the principles of a
circular economy [18].

For the economy of Kazakhstan, the task of
primary importance is to transfer the activities of the
mining and metallurgical complex of the republic to
a circular economy within the framework of the
"zero waste" concept using resource-saving and
energy-efficient technologies. The development and
design of new technologies aimed at the complex
processing of multi-component raw materials -
substandard intermediate products and man-made
waste from lead production, seems to be very
relevant.

The objective of the present research is to study
the behavior of copper, lead, zinc and arsenic during
the reductive-oxidative processing of balanced
charge under conditions of technology scaling and to
determine the optimal parameters that ensure high
complex extraction of metals into targeted products:
lead into the rough lead, copper into matte, zinc into
slag.

The main objective of the research is to evaluate
the selective extraction of Pb, Cu and Zn into
targeted products.

Materials and research methods

The compositions of the initial products are
given in Table 1.

The composition of the charge from various
materials was carried out based on the sulfur
content in the initial products, taking into account
the production of matte with a high copper content.
To obtain slag of optimal composition [19, 20],
ensuring the minimum solubility of lead and copper
in it, the required calculated amount of quartz flux
(95% Si0O,) was added to the charge.

The following charge structure was adopted for
calculating the average composition of the charge,
%: lead cake — 30; copper-lead matte — 25; copper

Table 1 - Chemical composition of initial products

slips — 25; converter slag — 10; zinc cake — 5; quartz
flux — 5.

Calculated composition of the average balanced
charge, % by weight: 13 Cu; 43.5 Pb; 5.6 Zn; 7.8 Fe;
5.0S; 1.6 As; 0.6 Sb; 6.0 SiO,, others.

Experimental part: Installation diagram
and procedure for conducting experiments

The experiments were carried out using a
Nabertherm GmbH RHTV 120-150/16 high-
temperature furnace, the general appearance of
which is shown in Fig. 1.

B)
1 — crucible with charge; 2 — alundum tube for blowing
the melt; 3 — quartz reactor; 4 — plug; 5 — gas outlet hose

Fig. 1 - General view of the high-temperature furnace (A)
and the design of the assembled installation (B)

Product Name Cu Pb Zn As Sb Fe S 0] SiO2 Others
Lead cake 0.41 87.53 | 0.11 | 0.05 0.58 | 0.78 | 8.24 2.3
Copper-lead matte 20.85 19.5 11.4 1.1 | 056 | 16.7 | 11.1 | 3.81 14.98
Converter slag 3.83 335 454 | 23 | 094 | 15.0 10.3 | 21.66 7.93
Copper slips 29.0 36.0 4.00 | 3.87 1.4 8.77 16.96
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The use of a large-capacity furnace made it
possible to conduct experiments with the maximum
amount of the initial charge, which was constant in
all experiments — 500 g.

Technological experiments were carried out in
two stages: the first was the reduction smelting of
the charge by blowing with natural gas to obtain
rough lead, slag and intermediate matte, and the
second was the oxidizing blowing of the matte with
atmospheric oxygen to obtain commercial copper
matte and slag.

The experiments determined the influence of the
consumption of natural gas, oxygen and the
duration of melt blowing on the technological
parameters of smelting.

Preliminary experiments have shown that at a
charge melting temperature of 1473 K, the
production of a fluid slag that would ensure the
complete flow of physical and chemical processes of
product formation and separation is not achieved.
For complete homogenization of the melt, it was
necessary to increase the holding time of the
melting temperature regime to 20 minutes. From a
practical point of view, an increase in the melting
time leads to a decrease in the productivity of the
technology as a whole, therefore, to optimize the
process, all experiments were carried out at a higher
temperature - 1523 K.

In the first stage, upon reaching the set
temperature (1523 K), the melt was held for 10
minutes to obtain a homogeneous melt, after which
the melt was blown with natural gas for a set time.
The natural gas consumption varied within the range
from 1 to 1.7, in fractions of the stoichiometric
required amount (SRA) for the complete reduction
of lead and zinc compounds (sulfates, sulfides,
ferrites) to oxides with their subsequent conversion
to slag. The melt blowing time was 5, 10, 15, 20
minutes. Upon completion of the melt blowing for a
set time, the tube was raised (position above the
melt), and the furnace was cooled in a stream of
natural gas. After the furnace cooled, the crucible
with the sample was removed from the quartz
reactor. The resulting smelting products: rough
lead, matte and slag were separated from each
other and each product was subjected to elemental
analysis for metal content.

The intermediate mattes contained increased
levels of lead, zinc and iron sulphides. In order to

reduce their content in the mattes and obtain a high-
copper matte, the intermediate matte was purged
with oxygen in the second stage. The procedure for
conducting the experiments was the same as in the
case of blowing the melt with natural gas. The
temperature of the experiments was 1523 K.

The dust yield in all experiments was calculated
based on the difference between the amount of the
initial sample and the sum of the amount of
obtained smelting products.

Each experiment was repeated three times. After
the experiments, the products were subjected to
elemental analysis. The parallel
experiments on the metal content showed good
convergence (error +/- 0.5% abs.). Based on the
averaged results of the product yield and the metal
content in them, the material balances of the
reducing and oxidizing smelting of the charge, as
well as the consolidated material balance of the
general technology for processing the balanced
charge, were calculated.

results of

Results and discussion

The results of the conducted technological
experiments on the reduction smelting of the charge
are presented in Fig. 2-5.

It should be noted that the consumption of
natural gas and the duration of the melt blowing
process are complementary. Research could focus
solely on the influence of natural gas consumption,
leading to the establishment of its optimal value.
However, determining the time dependence of
metal extraction allows for a qualitative assessment
of the kinetic patterns of the interaction between
the charge components and natural gas.

It has been established that the extraction of
copper into the matte demonstrates a high recovery
rate of over 98% at a natural gas consumption level
of 1.0 times its stoichiometric requirement for the
reduction of lead compounds (see Fig. 2).

Further increasing the consumption of natural
gas for copper extraction into the matte has only a
minor effect. This established pattern aligns well
with the theory of the process. In the context of
reductive smelting of the charge with natural gas,
the reduction of lead sulfates and sulfides appears
to be more advantageous.
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Considering that the main matrix of the charge
is a lead cake consisting of lead, zinc and copper
sulfates when developing the technology, we
proceeded from the condition of ensuring their
complete recovery by purging the melt with natural
gas at high temperatures (1200 ° C). This approach is
a fundamental difference from previous studies,
where during the processing of a charge consisting
of various lead production materials with a high
arsenic content, the melt was first subjected to
oxidative purging to maximize its removal, and only
then to reductive purging to form liquid phases:
rough lead, matte and slag.

During the reduction purge of the melt with
natural gas, favorable conditions are created for the
reduction of sulfates by reaction:

MeSO4+CHs = MeO+CO, P + SO, + H.01,
Me — Pb, Cu, Zn. (1)

The resulting metal oxides, interact with the
components of sulfide materials (copper-lead matte,
copper slips), by reactions (2), (3):

2PbO + PbS = 3Pb + SO, (2)
Cu,0 + FeS = Cu,S + FeO, (3)

— 100 ——
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The liquid phases of rough lead and matte are
formed.

At the temperatures involved in the process,
while lead sulfide is present in the melt, other
sulfides are not reduced by natural gas.

Under conditions of intensive bubbling of the
melt with natural gas, lead compounds are reduced
to metal, resulting in the formation of a liquid phase
of raw lead. The completeness of raw lead formation
depends on the amount of natural gas used for the
reduction of lead compounds.

In the smelting of a balanced charge, the main
losses of lead are related to its solubility in the
matte. Experiments have shown that the minimum
lead content in the matte is achieved when the
resulting final copper matte contains the least
amount of lead and iron sulfide. In Cu,S-MeS alloys
with a high content of copper sulfide, the solubility
of lead is minimal and is primarily determined by its
physical solubility. As the content of PbS and FeS in
the sulfide alloy increases, the solubility of lead in
them rises, with the proportion of chemical losses of
lead dominating due to the reactions between lead
and iron sulfide [21].

The final extraction of copper into matte is
affected by the distribution of copper between
matte and rough lead. Under conditions of reductive
smelting of a balanced charge with natural gas, an
intermediate matte with a copper content of 55.3%
was obtained. With further oxidative smelting of
matte with air, due to the creation of conditions for
the complete oxidation of iron and zinc sulfides, the
copper content in the matte increased to 76.3%.

Based on the results of large-scale laboratory

melts, the following optimal technological
parameters are recommended for practical
application:

— melt blowing time: with natural gas — 20 min;
with oxygen — 20 min;

-gas consumption: CHs — 1.7 times exceeding its
consumption from the SRA for the reduction of lead
compounds; oxygen — 1.4 times exceeding its
consumption from SRA for the oxidation of zinc and
iron sulfide;

— melting temperature — 1250 °C.

With optimal technological parameters, the
following technological indicators were achieved:

— vyield of smelting products, % of the total
charge:

e rough lead —38.3;

e copper matte — 15;

e slag—31.2;

e dust, gases — 15.5.

— composition of melting products, % by weight:

= rough lead — 99.34 Pb; 0.18 Cu; 0.08 Sb;
others.

= copper matte — 76.3 Cu; 0.93 Pb; 0.52 Zn;
0.23 Fe; 20.4 S; 0.05 As; 0.03 Sb; other.

= slag—22.03 Fe; 20.2 SiOy; 4.0 Ca0; 9.12 Zn;
0.19 Cu; 0.55 Pb; other.

— extraction of metals into targeted products:
lead into rough lead — 97.6%;

e copper into matte — 98.6%;

e zincinto slag — 56.8%; into matte — 1.7; into
dust, gases —41.5.

e arsenic and antimony into dust - 97.4% and
90%, respectively.

Conclusions

The possibility of implementing reductive-
oxidative smelting of a balanced charge is
demonstrated. The optimal parameters of the
technology are established: time of blowing the melt
with natural gas — 20 min; with oxygen — 20 min; CH,4
consumption -1.7 times exceeding its consumption
from the SRA for reduction of lead compounds;
oxygen consumption — 1.4 times exceeding its
consumption from the SRA for oxidizing zinc and iron
sulfide; temperature — 1523 K.

With optimal process parameters, the following
product yield was obtained, % of the total charge:
rough lead — 38.3; copper matte — 15; slag — 31.2;
dust, gases — 15.5. Copper matte with a high copper
content (more than 76%) and a minimum impurity
content were obtained: 0.93 Pb; 0.52 Zn; 0.23 Fe;
0.05 As; 0.03 Sh.

High rates of complex selective extraction of
metals into target products have been achieved:
lead in the rough lead — 97.6%; copper in matte —
98.6%; zinc in slag — 56.8%, in matte — 1.7%, in dust,
gases —41.5%; arsenic and antimony in the dust —up
to 97.4% and 90%, respectively.

The developed technology for processing
balanced charge can be used for processing
substandard intermediates of copper and lead
production.
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KypambiHAa mbic, KOpFacbiH 6ap eHimaep HerisiHae TeHAecTipinreH WUXTaHbI

KaiiTa eHAey TeXHOOrMACbI

nocmyxamepnos H.K., 2onpac6aii E.E., 2ApfbiH A.9., 2Nuesa 10.6., *KypmaHceiitos M.B.

1Cam6aes yHusepcumemi, Aamamel, Kazakcmax

26.A. balikoHblpos ambiHOaFbI e3KasraH yHusepcumemi, XeskasraH, Kazakcmax

Makana kengi: 12 kapawa 2024
CapantamagaH eTTi: 26 Kapawa 2024
KabbingaHabl: 17 xceamokcaH 2024

TYAIHAEME

KyMbICTa TEXHONOMMAHBI MaclUTabTay KafaalblHAA TEHAECTIPINTeH WMXTaHbl TOTbIKCbI3AAHABIPY-
TOTbIKTbIPY Ke3iHAE MbIC, KOPFACblH, MbIpPbIW }K3HE MbIWbAKTbIH, 6eniHin Tapanybl 3epTrenin,
MeTangapapl MakcaTTbl eHimaepre: KOpfacbiHAbl — Kapasbl KOPFacbiHFA, MbICTbl — LUTEWHrE,
MbIPbIWTHI — WAAKKA KOFapbl KeweHai 6enin anyabl KamTamachi3 eTeTiH OHTalbl NapameTpaep
aHbIKTangpl. TeHAEeCTipiNreH WWXTaHbl TOTbIKCbI3AAHABIPbIN-TOTbIKTbIPA 6anKbITyapl »Ky3ere
acblpy MYMKiHAir KepceTinreH. TeXHONOMMAHbIH, OHTalbl NapameTpaepi benrineHai: 6ankbimaHbl
Tabufn rasbeH ypney yakpiTbl — 20 MUH; oTTerimeH - 20 MUH; KOpPFfacblH KOCbINbICTAPbIH
TOTbIKCbI3AaHApIPY ywiH CKM wbifbiHbiHAH 1,7 ece acatblH CHa WbIFbIHBI; MbIpbIW NEH Temip
cynbdUAiH TOTbIKTbIPY YwiH CHK wWhifbiHbIHAH 1,4 ece acaTbliH OTTEri WbIFbIHLI; TeMMepaTypa —
1523 K. HbicaHanbl eHimgepre metangapabl KelweHai cenektusTi 6enin any 6olbiHWa XofFapbl
KepCeTKiluTepre KON XeTKi3inai: KopFacbliH Kapasbl KopfacbiHFa— 97,6%; mbic wTeliHre— 98,6%;
MbIpbIW WAAKKa— 56,8%, wreiHre — 1,7%, waHfa, razgapfa — 41,5%; MbllUbAK NeH CypbMa WaHfa
— 97,4% aHe 90% pfeMiH, TuiciHwe. MbIC }XaHe KOpfacblH OHAIPICIHIH, KOHAULMANLIK emec
JKapTbiNal eHimAepiH KalTa eHAeyre apHanfaH TeHAECTIpiNreH wWuxTaHbl KakTa eHAaey
TeXHONOTUACHI 33ipneHai.

TyliiH ce30ep: mbiC, KOPFaCbiH, MbIpbIL, TabUFK ras, 6ankbiTy, any, KaiTa eHaey.
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AHHOTALMUA

B paﬁoTe M3ydyeHbl noseaeHnA megu, CBMHUA, UMHKA M MbllbAKA NPU BOCCTAaHOBUTE/IbHO-
OKMCAUTENBbHOM nepepa60TKe c6anch14pOBaHH017| WKXTbl B YCNOBUAX MaCLLlTaﬁMpOBaHMH
TexHonorum n onpegesieHbl ONTUMa/ibHble NapameTpsbl, o6ecneqm3a|ou.|,mx BbICOKOE KOMMNJIEKCHOEe
n3snevyeHmne mMeTannos B UenieBble NPOAYKTbl: CBUHUA — B LIepHOBOl‘;I CBUHeU, meaun — B mTeFIH,

Moctynuna: 12 HoA6psa 2024 UMHKa — B WAaK. [okasaHa BO3MOXHOCTb OCYLLECTBJIEHUA BOCCTAaHOBUTE/IbHO-OKUCNTE/IbHOM
PeueH3unposaHue: 26 Hoabps 2024 nnaBkn cb6anaHCMPOBaHHOM LWUMXTbI. YCTaHOBNEHbI ONTUMAaJIbHbIE MapaMeTpbl TEXHOIOTMK: Bpema
MpuHATa B Nnevatsb: 17 dekabpa 2024 nNpoAyBKM pacnnasa NpMpoaHbIM rasom — 20 muH; kucnopogom — 20 muH; pacxod CHs — 1,7 pasa

npesbiwatowmii ero pacxog ot CHK ans BOCCTaHOBNEHWA COEAMHEHMI CBUHLLA; PAacXo KUCI0poaa
— 1,4 pasa npesblwatowmii ero pacxod ot CHK ans okucneHuna cynbduia UMHKA U Kenesa;
Temnepatypa — 1523 K. JoCTUrHyTbl BbICOKME MOKa3aTeNM NO KOMMIEKCHOMY CeeKTUBHOMY
M3BJIEYEHUIO META/INIOB B LieNeBble NPOAYKTbI: CBUHL,A B YePHOBOM CBUHeL, — 97,6%; Meau B LWUTENH
— 98,6%; UMHKa B WNaK — 56,8%, B wTeiH — 1,7%, B Nbinb, rasbl — 41,5%; MbllbAKa U CypbMbl B
neinb — o 97,4% u 90%, cooTBeTCTBEHHO. PaspaboTaHa TexHonorua nepepaboTku
cbanaHcMpPOBaHHOW WKXTbl ANA NepepaboTKM HEKOHAWMLMOHHbIX NOAYNPOAYKTOB MEeAHOro
CBMHLLOBOrO NPOM3BOACTBA.

Kntoveabie cnoea: meab, CBUHEL, LMHK, MPUPOAHDbIN ras, NaaBKka, u3siedeHve, nepepaborka.
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ABSTRACT

Modern technologies used for the synthesis of various alloys, including aluminum-based metal-
ceramics, require detailed and comprehensive studies, especially in the case of alloys that have
not yet found widespread industrial application due to a lack of sufficient scientific data. The Al-
Fe-Si alloy system is of particular interest due to the simplicity of its composition and the wide
variety of phases that form depending on the ratio of the alloy’s base components. The
intermetallic Al-Fe-Si metal-ceramic alloy, with an increased simultaneous content of both iron
and silicon, was synthesized by arc surfacing with a consumable electrode. This article presents
experimental studies of the metallographic analysis of the Al-Fe-Si alloy, enriched with both iron
and silicon, along with manganese additives. Studying the effect of manganese in this specific
alloy composition allowed for an in-depth assessment of the morphology of intermetallic
compounds, phase distribution, and overall structural stability. Preliminary phase composition
modeling helped identify the phases in the synthesized alloy. It was found that a minor addition
of manganese could stabilize the microstructure and result in the formation of coalesced
intermetallic particles. Further investigation of its effects on phase transformations and structure
will provide insights into optimizing compositions for broader applications in conditions of high
loads and temperatures.

Keywords: Al-Fe-Si, microstructure, ThermoCalc software, intermetallic phases, arc surfacing
with a consumable electrode.
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allows for the creation of nanoscale inclusions and

Introduction

Aluminum alloys maintain a leading position
among promising materials for the development of
durable, lightweight, and wear-resistant
components that meet the increasingly stringent
requirements of modern mechanical engineering.
The technologies, methodologies, and approaches
to strengthening these alloys are diverse and have
attracted considerable attention from researchers
worldwide [[1], [2], [3], [4]]. Of particular interest
are alloys within the Al-Fe-Si system, which have
gained significant attention due to their potential
for property enhancement through alloying and
modification, as well as their compatibility with
additive manufacturing techniques [5]. Additive
manufacturing of alloys not only offers rapid
production and prototyping capabilities but also

intermetallic compounds, enabling the
achievement of hybrid properties such as low
weight combined with high hardness, and the
production of multilayer composite structures.

The growing relevance of Al-Fe-Si alloys is
driven by several key attributes:
- Exceptional wear resistance and hardness,
- Lightweight combined with high strength,
- Excellent heat resistance and thermal stability,
- Superior corrosion resistance.

Even minor additions of alloving elements can
significantly influence the microstructure and
properties of these alloys [[61, [71, [81, [91, [1011.
Modifications in the morphological structure of
phases and phase composition can be effectively
achieved through the strategic incorporation of
alloying elements. These additions stabilize the
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structure, modify phase distribution, and promote
the formation of intermetallic compounds with
varying dispersions and structures [[11], [12], [13],
[141].

These properties are particularly crucial for the
development of advanced alloys with superior
performance characteristics in industries such as
aerospace, automotive, and space exploration.

While there is a wide variety of aluminum
alloys, most contain a relatively limited set of
alloying elements. The influence of these elements
is substantial, ultimately imparting new or
specialized properties to the alloys. Alloying
elements can be broadly categorized into three
groups: primary alloying elements, auxiliary
additives, and impurities. Depending on the specific
alloy, the same element may serve multiple
functions [15].

Primary alloying elements commonly found in
aluminum alloys include magnesium, zinc, copper,
silver, and silicon. These elements are considered
"primary" because they are added in substantial
qguantities and play a key role in determining the
microstructure and primary properties of the alloy.

However, among these, silver and germanium
are rarely used as primary alloying components due
to economic factors. Silver is a precious and costly
metal, and germanium, although valuable, is
primarily used in the semiconductor industry.
Furthermore, the addition of these elements does
not confer significantly advantageous properties
compared to other, more commonly used alloying

elements.
Research has explored the effects of additional

additives such as germanium, cerium, and
scandium on the strengthening of solid solutions,
structural refinement, and phase distribution in
aluminum alloys [[16], [17], [18], [19]]. While these
studies have yielded promising results, the practical
application of these elements is limited by factors
such as high cost, complex processing techniques,
and the challenges associated with the purification
of the final material. The economic viability of using
these elements for large-scale production remains
guestionable.

A particularly promising avenue of research is
the effect of small amounts of manganese
(approximately 1.5%) on the phase composition,
mechanical, and technological properties of Al-Fe-Si
alloys containing high levels of both iron and silicon
[[20], [21], [22]]. This study investigates the
microstructure and phase morphology of an Al-Fe-
Si alloy, incorporating manganese as a cost-
effective and accessible alloying element. The aim

of this research is to evaluate the impact of
manganese alloying on the final microstructure,
phase distribution, and phase dispersion,
particularly in the context of high iron and silicon
content.

Experimental part

The Al-Fe-Si alloy system was synthesized via
surfacing with a consumable electrode [[23], [24],
[25]]. This additive manufacturing technique was
selected based on the specific advantages of the
process. Key benefits of this method include high
processing speeds, reliable oxidation protection
through the use of flux, the ability to incorporate
additional alloying elements via flux components,
and the flexibility to achieve diverse alloy
compositions without the need for preparing a
separate filler material. Furthermore, the process is
autonomous. However, certain limitations are
associated with this method, such as the formation
of pores during synthesis, quantitative constraints
on the introduction of alloying elements, and
directional heat dissipation, which, coupled with
gravitational effects, results in a structural
orientation in the vertical direction.

The experimental setup involved the following
equipment:

A VDM-1202 welding rectifier with an RB-301
ballast rheostat, which served as the power source
for melting the alloy components;

A stationary filter and ventilation table (SS-
1200/SP) for removing gaseous products generated
during synthesis. The alloy components were
melted by creating an electric arc with a welding
current of 290 A.

Detailed  experimental  procedures are
described in [26]. To synthesize the alloy, grade 3
steel was employed as the iron source, also serving
as a consumable electrode. AD31 aluminum alloy
was used as the source of aluminum and silicon,
with the latter provided in powder form, which was
crushed and sifted to obtain a particle size of -500
pum. Silicon was placed between layers of
aluminum, each 3 mm thick. The silicon layer was
applied wet by weight, resulting in layers
approximately 1-1.5 mm thick. The entire stack was
covered with a flux layer 20-30 mm thick.
Manganese was introduced into the system
through the flux in small amounts.

Two types of AN-348 flux were used: fused and
sintered. Despite having identical compositions, the
fused flux more actively participates in the reaction,
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leading to alloy saturation with approximately 1.5%
manganese, along with a similar quantity of silicon.
After cooling, the synthesized material exhibited a
slag crust with a characteristic glassy appearance,
which was easily removed during cooling. In
contrast, the use of sintered flux resulted in more
pronounced interaction between the base
components and those present in the flux. This was
accompanied by the saturation of the slag crust
with iron atoms, and the formation of transition
metal-ceramic compounds directly in the interface
between the material and the flux. The slag crust in
this case proved more difficult to remove, and the
base metal was saturated with no more than 0.2%
manganese, with no significant enrichment in
silicon. Furthermore, the volume of gaseous
synthesis products was considerably higher.

Templates were cut from the samples
synthesized using this method for the preparation
of microsections. Sample preparation followed
standard procedures, including grinding and
polishing using Struers equipment, with subsequent
examination under an Altami optical microscope.
The actual composition of the alloys was
determined using an Olympus VantaElementS X-ray
fluorescence analyzer. To gain a more
comprehensive understanding of phase formation,
phase transformations from the melting point to
room temperature were modelled using
ThermoCalc software. Specifically, the TCAL8: Al-
Allous v8.2 database was utilized to predict the
number of phases formed for the actual
composition of both alloys.

Results and Discussion

Table 1 presents the composition of the
synthesized alloys. The alloy doped with
manganese is referred to as AlFeSiMn, while the
alloy with manganese at the impurity level is
designated as AlFeSi.

According to theoretical calculations, both
alloys consist of three primary phases at room
temperature. The AlFeSiMn alloy at room
temperature comprises approximately 40% of the B
phase, 38% of the 6 phase, and 22% of the 0,
phase. The key difference between the 6 and 6,
phases lies in the increased silicon content in the
latter. A minor quantity of impurity atoms is
present in the form of nickel aluminide and other
phases, such as silicides, along with a small number

of carbides, collectively contributing to less than 1%
of the total composition.

For the AlFeSi alloy, the phase composition at
room temperature also includes three main phases:
approximately 43% B, 43% 06, and 14% FCC
aluminum. Similar to the AlFeSiMn alloy, impurity
atoms in this system form aluminides, silicides,
copper-containing intermetallics, and carbides, with
these phases contributing to less than 1% of the
total composition.

Table 1 - Alloys compositions

Alloys compositions

Alloy -
Fe Si Cu Mn Ni Al
AlFeSiMn | 33.6 5.18 - 1.57 | 0.19 Ball
3.72 | 0.02 | 0.18 | 0.02 Ball

AlFeSi 29.5

The analysis of the microstructure of the
synthesized samples revealed good agreement with
the results of phase modeling. The AlFeSiMn alloy is
characterized by the formation of two distinct types
of a-phase: the ah-hexagonal intermetallic phase,
which shows only minor dissolution of impurity
atoms, including manganese, and the ac-cubic
intermetallic phase, in which iron atoms are
partially substituted by manganese atoms, resulting
in a morphological change of the phase. At a
temperature of approximately 700 °C, the total
amount of the ac-phase does not exceed 20%,
while the hexagonal modification accounts for
about 60% of the volume fraction.

For the AlFeSi alloy, the ac-phase content is
limited by the small amount of manganese and
remains below 1%. However, at room temperature,
when cooling occurs under non-isothermal
conditions, small amounts of the a-phase may
remain as residual quantities. As expected, both
alloys contain the 6-phase intermetallic compound,
primarily composed of Al and Fe. The 6-phase
forms predominantly by separating from the melt
at temperatures above the eutectic point,
contributing to the basic structure of the alloy. As
phase transformations occur, the quantity of the 6-
phase decreases at around 500 °C, and for the
AlFeSiMn alloy, this phase fully dissolves, only to
reform at a temperature of approximately 450 °C
(Fig.1.).
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Figure 1 - Microstructure of AlFeSiMn (a) and AlreSi (b) alloy, intermetallic region
This area contains intermetallic particles, which are B/6/6: phases (a)
or a combination of B/6 phases(b) (gray area).
The space between the particles is occupied by FCC (light area)

At room temperature, the microstructure of
the Al-Fe-Si alloys with 1.5% and 0.18% manganese
consists of intermetallic phases, primarily
represented by compounds of the Al3Fe or Al13Fe4
type, or the B-phase. These phases are present as
large intermetallic particles with a lamellar (blocky)
morphology, distributed throughout the entire area
of the samples.

Upon cooling from the synthesis temperature,
particles of the a-phase and other intermetallic
compounds, formed with the involvement of
impurity elements in the alloy, are precipitated on
the existing B6-phase. As a result of interphase
interactions within the liquid-solid solution, the
formed particles continue to grow until the fcc
aluminum is almost completely depleted of
impurity atoms. The remaining liquid then
crystallizes according to the typical behavior seen
during the solidification of aluminum alloys with
eutectic composition.

The © and B phases present in the
microstructure are not distinguishable through
phase contrast; thus, it is more accurate to refer to
the B-phase as a 6/B complex (the grey phase in the
micrographs). The color contrast observed within
the 6/B phases does not correspond to phase
contrast but rather to thickness contrast and
therefore does not represent the boundaries
between the individual phases. In the alloy with
0.18% Mn, the 8/B-phase displays a directional
distribution across the entire sample, with a coarse,
large-needle structure, having a length of over 200
pm and a width up to 60 um.

In contrast, the alloy with 1.5% Mn exhibits a
fragmented, coagulated, and rounded ©/B-phase
structure with smaller dimensions (~¥100 pm in
length and 30-60 um in width). By comparing Fig 1a
with Fig 1b, one can observe the transformation of
the acicular structure of the 6-phase induced by the
presence of manganese. Although complete
suppression of B-phase formation under the
influence of manganese is not observed, the
disappearance of the 8-phase upon cooling in the
temperature range of 550-450 °C leads to a
fundamental change in the morphology of the
intermetallic particles.

The light regions in the micrographs correspond
to FCC aluminum, which aligns with the results of
phase composition modelling. Despite the absence
of FCC aluminum in the AlFeSi alloy model, its
presence can be attributed to the nonequilibrium
crystallization conditions; it is a product of phase
transformations and represents a residual phase. A
detailed examination of the FCC aluminum regions
reveals a eutectic structure.

Within the FCC aluminum regions, intermetallic
inclusions in both alloys are part of the eutectic.
These inclusions have a nanodispersed dimension:
in the alloy with 1.5% Mn, they range from 50 to
100 nm, while in the alloy with 0.18% Mn, they
range from 100 to 500 nm.

The eutectic within the FCC region exhibits
distinct morphological features. In the alloy with
1.5% Mn (Fig.2.), the eutectic precipitates display a
fragmented, coagulated structure.

— 108 ——



KomnnekcHoe Ucnonb3oBaHme MuHepanbHoro Coipba. Ne1(336), 2026

ISSN-L 2616-6445, ISSN 2224-5243

Figure 2 - Microstructure of AlFeSiMn (a) and AlFeSi (b) alloy, eutectic region
The space between the intermetallic particles is filled with an FCC phase containing a eutectic

Figure 3 - Microstructure of AlFeSiMn (a) and AlFeSi (b) alloy, eutectic region (greater magnification)

In contrast, the eutectic in the AlFeSi alloy
with 0.18% Mn exhibits a characteristic needle-
like morphology. Upon cooling from the
synthesis temperature, two phases — a and B —
are precipitated simultaneously within the 6-
phase that forms inside the eutectic. These
phases constitute complex eutectic mixtures of
solid solutions, including intermetallic phases
with additional phases based on (Fe, Si) Al. In
these phases, aluminum, iron, silicon, and small
amounts of manganese are present.
Manganese, in combination with other
elements, is incorporated into the structure,
stabilizing the phases and influencing their
shape and distribution.

In  the presented micrographs, the
FCC+eutectic region (lighter in color)
represents a mixture of FCC aluminum and

intermetallic compounds, which are uniformly
distributed between the phases, forming
transition zones (Fig.3). The light areas
correspond to a multiphase eutectic composed
of FCC aluminum, B-phase (AlsFeSi), Si, 8-phase
(Al1sFes), and a small amount of other
intermetallic phases. However, the eutectic
structure in the studied samples varies. In the
sample with 0.18% Mn, the eutectic exhibits a
lamellar structure, with plate lengths ranging
from 20 to 50 um and thicknesses of 2 to 5 um.
In the sample with 1.5% Mn, the eutectic
particles take on a granular, rounded shape
with diameters ranging from 1 to 5 um,
showing an uneven distribution. For greater

clarity, the main results of the study are presented
in Table 2.
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Table 2 - Phase and structural composition

Volume fraction calculated, % Microstructure parameters

Alloy 8 g V7] FCC | Other | Particle FCC The nature of Eutectic

sizes 8/89, | particle the characteristics
um sizes, um | arrangement of
particles

coagulated Round granular

AlFeSiMn | ~40 ~38 | ~22 - <1 100x30- 60x20 structure,
particles 1-5 um

directed Lamellar
AlFeSi ~43 ~43 - ~14 <1 200x60 200x20 structure, plates

20-50%2-5 um

This suggests that manganese suppresses
the growth of the phase in anisotropic
directions, where elongated (plate-like) forms
typically occur, thereby inducing an inhibition
or rounding effect. In the AlFeSiMn alloy, large
B-phase needles and small areas of the residual
a-phase are visible within the eutectic region.
Intermetallic inclusions of various
morphologies are also present. In contrast, the
eutectic of the AlFeSi alloy is represented by
coarser, less branched particles, with no large
needle-like intermetallic phases observed. Rounded
oxide particles are present in the FCC aluminum
regions, while the intermetallic regions are free of
oxides.

Conclusions

Based on the aforementioned studies, it can be
confidently stated that the morphological structure
of the alloy microstructure is highly dependent on
the manganese content, particularly in alloys
enriched with both silicon and iron. The addition of
manganese results in a more rounded phase
structure and a more dispersed eutectic.

It was revealed that the addition of 1.5%
manganese changes not only the composition of
intermetallic phases but also their morphology. The
binding of iron, silicon and aluminum atoms into a
cubic intermetallic a phase in the presence of
manganese leads to the complete dissolution of the
primary 8 phase with its repeated formation near
the lower boundary of the a phase existence. Such
phase transformation promotes the transition from
the growth of intermetallic particles on primary
crystals of the 8 phase with the formation of a
directional microstructure to a coagulated
microstructure through phase recrystallization.

The addition of manganese promotes grinding of
both intermetallic particles to a size of 100x30-60
pum and eutectic particles. While in the absence of
manganese, coarse intermetallic particles of 200x60
pUm in size are formed, formed on primary crystals
of the O phase. As a result of phase
recrystallization, the alloy also contains fcc regions,
but with a significantly smaller volume fraction, no
more than 5%, located between intermetallic
particles. As a result of the studies, a predominantly
intermetallic alloy with a more favorable
microstructure was obtained, which predicts high
friction properties, and increased wear resistance
with the possibility of use for parts that do not
experience significant loads with an operating
temperature range of 20-450° C.

Therefore, investigating the effect of
manganese on an aluminum alloy produced by arc
remelting holds significant scientific and practical
value, particularly for further study of its
mechanical properties.
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BanKUTbIH 3N1EKTPoANEeH A0FaNbIK KanTtay apKbisibl cuHTesgenreH Al-Fe-Si
KOPbITNA }KYMeCiHiH MUKPOKYPbIIbIMbIHa MapraHel, KOCnanapblHbIH acepi

AHppesuweHKo B.A., ManawkeBuuyte-bpumiiaH E.WN.

dbinkac CarbiHO8 aMbIHOAFbl KaparaHObl mexHUKaselk yHusepcumemi, KaparaHobl, KasakcmaH

TYRIHAEME

OpTYp/li  KOpbITNanapapl, COHbIH iWiHAEe aANIOMWHWIA  HerisiHaeri  MeTansKepamuKanbik,
maTepuangapapl CuHTe3Aey YWiH KOMAAHbIIATbIH 3amMaHayu TexHO/lormanap, acipece onap
Typanbl  fblNbIMW  OEPEKTepAiH  *KeTicneywiniriHeH oani  ©HepKacinTe KeH, KOAZaHbIC
TannafaHAbIKTaH, TEPEH, KSHe KelleHAi 3epTreyai Tanan eTedi. Al-Fe-Si KyieciHiH
KOPbITNANapblHa epeKLUe KbI3bIFYLUbUIbIK KYPAaMHbIH, KapanaibiMAbl/blFbiHA KIHE KOPbITNAHbIH,
Heri3ri KOMNOHeHTTepiHiH, apakaTbiHAacbiHA HaNaHbICTbI Ty3iNeTiH dasanapablH, anyaH TypainiriHe
Makana kengi: 23 »enmoxcaH 2024 HerizgenreH. Temip MeH KpemMHWIAiH, Kofapbl KOHUeHTpauuacbimeH Al-Fe-Si nHTepmeTangbik
CapanTamagaH etTi: 17 kaHmap 2025 MEeTa/IIKepamMmnKasblK, KOPbITNACbl TYTbIHbIAATBbIH 3NEKTPOAMNEH AOFaNblK Kantay aici apKplbl
Kabblnaanapi: 21 kaymap 2025 cuHTesgengi. Makanaga Temip MeH KpeMHWIMeH, coHAaii-ak mapraHel, KocranapbimeH 6ip
mesringe 6anbiTbinFaH Al-Fe-Si KopbITNacbIHbIH, MeTannorpaduaAnbiK TangaybiHbiH TaXipnbenik
3epTTeynepi KenTipinreH. benrini 6ip KopbITna KypamblHAAfbl MapraHeuTiH acepiH 3epTTey
MeTanapanblk — KOCbinbiCTapaplH,  mopdonoruacblH, $asanblk  TapanyblH  KaHe  Kannbl
KYPbINbIMABIK TYPAKTbINbIFbIH TepeH, BaFanayfa MyMKiHAIK 6epai. Pasanbik Kypamabl anfbiH ana
moZenbaey CUHTe3denreH KopbiTnagafbl ¢asanapibl aHbIKTayAbl KeHinaetti. MapraHeuTiH,
asfan Kocbllybl MUKPOKYPbINbIMABI TYPAKTaHAbIPYFa KaHe KoarynaumanaHFaH MHTEPMeTanablK
benweKkTepai anyfa MymKiHAIK GepeTiHi aHbiKTangpl. MapraHeuTiH, ¢asanbik e3repictep meH
KYpblbIMFa 9cep €Ty MeXxaHU3MAEepiH TepeHipeKk 3epTTey JKOFapbl MKyKTemenep MeH
TemnepaTtypanap KafaaknapbliHAQ  KeHiHeH  KO/AJaHyFa  apHanfaH  KOMNO3MUMANapabl
OHTalNaHAbIpyFa MyMKiHAIK Bepeai.

TyiliiH ce3dep: Al-Fe-Si, muKpokypbinbim, ThermoCalc-Ti 6aFgapnamanbik KamTamacbi3 erTy,
uHTepmeTanabiK basanap, 6anKUTbIH 3NEKTPOANEH AOFaNbIK KanTay.
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PhD, kayeimoacmeipsinraH npogeccop, MuHepandbiK wuKizam KazbanapeiH KeweHOi uzepy
AHOpeaweHKo Buonemma AnekcaHOpoeHa uHMceHepnik GeliiHOe2i CbIHAK 3epmXaHAcbiHbIH 6acwsickl, J6inkac CarbiHO8 aMbIHOAFLI
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BausaHue Ao6aBOK MapraHua Ha MUKPOCTPYKTYpPY cnaasa cuctemol Al-Fe-Si,
CMHTE3MPOBAHHOIO AYroBOM HaNJ1IaBKOW NIABALLMUMCA 3/1€KTPO40M

AHppesuweHKo B.A., Manawkesuuyte-bpumiiaH E.WN.

KapazaHduHckuli mexHuveckuli yHusepcumem umeHu Abeinkaca CazuHosa, Kapaearoa, KazaxcmaH

AHHOTAUMA
COBpeMeHHbIe TEXHO/NIOTMU CUHTE3a pPa3/IMdHbIX CNNaBOB, BK/AKOYaA MeTa/l/loKepamunyeckme
mMaTepuanbl Ha OCHOBe antoMHUHUA, Tpe6y|0T AeTaNbHOro U BCEeCTOpPOHHEero wuccneaoBaHuA,

ocobeHHO B 06/11acTM CMNaBoB, KOTOPble €lle He HaWAW LWMPOKOTO MNPOMbILWIEHHOMO
MNoctynuna: 23 dekabpsa 2024 ’

PeueH3nposaHue: 17 aHeapa 2025
MpuHsATa B nevats: 21 aHeaps 2025 cnnasbl cuctembl Al-Fe-Si, 6narogaps nMpocTtoTe MX COCTaBa M WIMPOKOMY pasHoobpasuio das,

NPUMeEHEHNA M3-3a HEA4OCTAaTOYHOCTM HAY4YHbIX AAHHbIX O HUX. Ocoboe BHUMaHWe npusaeKaoT

bopmMMpyemMbIX B 3aBUCHMOCTM OT COOTHOLIEHMA OCHOBHbIX KOMMOHEHTOB. MHTEepMeTanAnaHbIi
MeTanIoKepamuyeckunii cnias Al-Fe-Si ¢ 04HOBpeMEHHO MOBbILLEHHbIM COAEPXAHMEM XKenesa u
KPeMHMsA BbIN CUHTE3MPOBAH METOLOM AYroBOI HANMABKMU C NAABALWMMCA 31eKTPOAOM. B cTaTbe
npeAcTaBNeHbl pe3ynbTaTbl IKCNEPUMEHTANbHBIX UCCAEA0BAHUIA MeTaniorpapuyeckoro aHanmsa
cnnasa cuctembl Al-Fe-Si, oboraweHHOro enesom WM KpemHuem ¢ gobaBkamu MapraHua.
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M3yyeHne BAUAHUA MapraHua Ha JaHHbIA cnias no3soauno 6onee [eTanbHO OLEHWUTb
MOPGONOr1I0 MHTEPMETANIMAHBIX COeAUHEHMN, pacnpeaeneHune $a3 v obulyio cTabunbHOCTb
CTPYKTYpbI. MpeasapuTenbHoe moaenmposaHne $a3oBoro coctaBa ob6aerynno naeHTuduKaumo
¢$a3 B CMHTE3MPOBAaHHOM cnnase. BbiNo ycTaHOBNEHO, YTO BBEAEHWE MapraHua B MasbiX
KO/MIMYecTBax CrnocobCTBYeT CTabuAn3aLmMm MUKPOCTPYKTYPbl U 06pa3oBaHUI0 KOAryIMpoBaHHbIX
MHTEPMETaNNNAHbIX YacTuL,. [anbHellee UccnefoBaHWe MeXaHU3MOB BO3AENCTBUA MapraHua
Ha pa3oBble NPeBPaALLEHUA U CTPYKTYPY NO3BOAUT ONTUMMU3MPOBATL COCTaBbl CNaBoB Ana 6osee
LUIMPOKOTO NPUMEHEHWS B YC/IOBUAX BbICOKMX HAarpy3oK v Temneparyp.

KnioueBble cnoBa: Al-Fe-Si, MWKpocTpykTypa, nporpammHoe obecneyeHne ThermoCalc,
MHTEpPMeTanNngHble ¢pasbl, 4yroBas HanAaBKa NNABALMMCS 3NEKTPOAOM.
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Computer simulation of the interaction of copper monosulfide with sodium
chloride in the presence of boron trioxide
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ABSTRACT

Expansion of the raw material base of ferrous metallurgy depends to some extent on the creation
of an effective technology for the complex processing of copper-magnetite ores with copper
extraction. The article presents the results of studies of copper chlorination from CuS present in
sulfide-magnetite ores using sodium chloride and boron trioxide. The studies were carried out in
the temperature range of 500-1500 °C and a pressure of 0.1-0.001 bar by thermodynamic
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Accepted: 29 January 2025 modeling using the HSC-10 software package based on the principle of minimum Gibbs energy. It
was found that the interaction in the CuS-NaCl-B20s3-02 system occurs with the formation of copper
chlorides (CusCls, CusCls, CuCl2, CuCl), sodium borates (NazBsOs, Na2BsO10), Na2SOa, SOz). The
temperature of the maximum (89-90%) degree of copper extraction into gaseous chlorides
decreases from 1050 to 850°C with a decrease in pressure from 0.1 to 0.001 bar. It was found that
the chloride sublimation of copper is accompanied by the formation of elemental copper and

gaseous NaCl during the interaction of CusClz with NazB4Oe.

Keywords: chalcopyrite-magnetite ore, thermodynamic modeling, temperature, pressure,
chloride sublimation, copper.
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Introduction

As a rule, magnetite ores containing usually 55-
60% iron due to the high magnetic susceptibility of
the magnetite mineral [1] are subjected to magnetic
concentration before metallurgical processing. This
method of ore preparation is widely used and is
constantly improved [[2], [3], [4], [5], [6], [7], [8]].
Problems with processing magnetite ores arise in
the case of the presence of non-ferrous metals in the
ore, including copper. Special technologies are
developed for copper extraction from magnetite
ores. Thus, in [9] a flotation-magnetic technology for
complex processing of copper-containing sulfide-
magnetite ore is described. The technology allows
extracting 87.1-91.7% copper into concentrate, with
a content of 19.1-21.6% of this metal. 84.3-87.9% of
iron is extracted into iron concentrate (66.5% Fe).

For processing magnetite ore containing 0.093%
copper, a multistage magnetic flotation technology
was developed [[10], [13]]. At the first stage, a
concentrate containing 65-66% iron and tailings was
obtained using the wet magnetic separation
method. Copper is extracted from the tailings by
flotation into a concentrate containing 15.2% Cu,
26.5% Fe, 17.5% S, 8.5% Zn, 16.2% Si. Multistage
roller grinding with integrated magnetic separation
stages between the stages is also used [14], which
also allows iron to be extracted into a magnetic
concentrate.

Iron-containing raw materials with impurities of
non-ferrous metals include pyrite cinders [15], blast
furnace and steelmaking dust [16]. For selective
separation of iron from non-ferrous metals from this
raw material with a concentration of 30-66% iron,
chloride sublimation processes using gaseous and
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solid chlorinating agents are used in metallurgical
practice [15]. The copper extraction degree into
sublimes in this case is 92%, lead — 95%, zinc and
silver — 97%. The cinder after chloride sublimation
roasting is of interest to ferrous metallurgy plants.
The most common chlorinating agents in terms of
decreasing reactivity form a series: Cl;, HCI, NH4CI,
CaCly, NaCl, NaCl-MgCl; [17]. The disadvantage of
using Cl; and HCl is toxicity. Calcium chloride is most
widely used in chloride sublimation. However, the
price of technical calcium chloride is 190 KZT/kg [18].
Less expensive is technical sodium chloride. Its price
is 43 KZT/kg [19]. However, it is inferior in reactivity
to calcium chloride [17]. The reactivity of the widely
used and relatively cheap NaCl can be increased if
substances are formed in the chlorination products,
the AG® of which is more negative than the total AG®
of the original substances. For this purpose, a
calculation of the AG® of chloride sublimation of CuS
(present in magnetite ores) with sodium chloride
was carried out to form Na;SO4, SO, NaSiOs,
sodium borates (Na:B4O; and NazBgOi0). The
calculation was carried out using the HSC-10
complex [20].

350
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reaction numbers

Figure 1 — Influence of temperature on the AG® of the
CuS chlorination reactions

The reactions under consideration:

2NaCl + CuS = CuClyg + NasS; (1)
CaCl; + CuS = CaClyg + CaS; (2)
2NaCl+CuS+Si0,+1.50; = CuCl,+Na,SiOs+S0z;  (3)
2NacCl + CuS +202 = CUClz(g) + Na2$O4; (4)

2NaCl+CuS+2B,03+1.50,=CuCly+NazBs07+503; (5)

2NaC|+CUS+38203+1.502=CUC|2(g)+NazBsolo‘l'SOz. (6)

The influence of temperature on the AG® of the
reactions is shown in Figure 1.

From the given AG® values it is seen that at a
temperature >1300°C the reactivity of NaCl is the
highest if the CuS chloride sublimation is carried out
in the presence of B,0s; and oxygen with the
formation of Na;B407. The process can be carried out
in the presence of oxygen (reaction 4). However, in
this case sulfur remains in the cinder in the form of
Na,S04, which is undesirable for further use of the
cinder in ferrous metallurgy. Based on this, further
studies were carried out using the method of
computer thermodynamic modeling of the
interaction in the CuS- CuS-NaCl-B,03-0; system.

Experimental part

Thermodynamic modeling of the process was
carried out using the HSC-10 Chemistry software
package developed by the Finnish metallurgical
company Outokumpu [16]. The calculation of
equilibrium using the HSC-10 software package is
based on the principle of minimum Gibbs energy
taking into account the activities of substances
(Equilibrium  Compositions  subprogram). The
minimum AG® is found using the Lagrange functions
and the Newton method of successive
approximations. The HSC-10 program database
contains information on the enthalpy of formation,
entropy, heat capacity, heats of phase and
modification transitions of 18 000 substances.
According to the program developers, it is very
difficult to obtain the absolute calculation error
value. Nevertheless, based on the fact that the
program database is constantly reviewed and
refined, the calculation functions of the HSC
software package are quite reliable, and the results
are adequate [20].

The influence of temperature from 500 to
1500°C and pressure from 0.001 to 0.1 bar on the
equilibrium degree of chlorination and chloride
sublimation of copper and the behavior of boron,
sodium and sulfur were determined.

Results and Discussion
Figure 2 shows the equilibrium distribution

degree (a, %) of copper, boron, sodium and sulfur at
a pressure of 0.1 bar.
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Figure 2 — Influence of temperature on the equilibrium degree of distribution of copper (a),
boron (b), sodium (c) and sulfur (d)

It is seen that the main products in the system
under consideration are CusClag), CusClsg), CuxClyg,
CUCl(g), CUClz, CUzS, CU, NazBeolo, NazB407, N32$O4,
SOz(g), NaCI(g).

At 500°C, most (84.2%) copper is chlorinated to
CuCl. At a temperature above 850°C, gaseous
CusClyg), CusClsg and CuyClyg begin to form. An
undesirable process is the formation of elemental
copper at a temperature above 700°C. The
formation of gaseous monochloride — CuCl occurs at
a temperature above 700°C. Moreover, this process
develops at a temperature above 1050°C.

A small part of copper (13.1%) at 500°C passes
from CuS to Cu.S, which disappears at 1050°C.
Initially, at 500°C, the main part of boron (70%) is in
Na;BsO10. Then the transition of boron to Na;BsO19
decreases, and in Na;B40y it increases (up to 73.5%

at 1050-1150°C). It should be noted that in the
system at a temperature of >1100°C the boron
transition degree to B,0Os increases significantly.
Most sulfur in the temperature range of 500-1500°C
passes from CusS to SO,.

At 500°C, the main part of sodium (46.6%)
passes from NaCl to Na;BsO10 and NaSOs (39.2%).
Sodium chloride does not react completely. 13.2% of
it did not react. Gaseous NaCl appears at a
temperature above 800°C. At 1200°C, this process
develops significantly.

The appearance of Cu,S in the system is
explained by the reaction:

2CuS + O, = Cu,S + SO, (7)

the AG° of which at 500°C is -291.7 kJ, and the
formation of Na,SO.is explained by the reaction:
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2CuS + 2NaCl + Oz = Na;S04 + 2CuCl + 250,, (8)
the AG® of which at 500°C is -787.2 kJ.

As can be seen from Figure 2, in the system
under consideration, copper chlorides form a
homologous series from CusClag) to CuClg). Figure 3
shows the thermal behavior of CusClsg. As the
temperature increases, CuiClsyg transforms into
CusClzg) (3CusClagy —> 4CusClyg), which then
decomposes into CuClig) (CusClsg = 3CuClg).

New System 2

400 CuCl(g)

350 4

300 4
Cu4cl4(g)

N

&
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I
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g
L

&
=)
I

100
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aa@ri2(g)
T T

T T 1
600 800 1000 1200 1400
Temperature, °C

Figure 3 — Thermal behavior of gaseous CusClag)

From the comparison of the behavior of
Na;B107, NaClig, B,0s, CusCls, CuCl, Cu, and oxygen,
it is seen that with an increase in temperature above
1050°C, the copper transition CusCl; decreases,
while it increases in CuClg and Cu. At that, the
sodium transition degree to Na;B40; decreases,
while it increases in NaClg. Figure 4 shows the
interaction between Na;B40; and CusCls) according
to the reaction:

Na;B407+2CusCl3g=4CuClg+2NaClg)+2B,03+2Cu+0,5024). (9)

Cu3CI3Na2B407

600 4 Na2B407

450 | Cu3CI3(g)

Equilibrium Amount, kg
N A
5 8 &8 3
g8 8 & 8
L L L Il

T T T
1000 1200 1400 1600 180
Temperature, °C

Figure 4 — Influence of temperature on the quantitative
distribution of substances in the Na2B4O7 — 2CusClzg)
system at a pressure of 0.1 bar

It is seen that at 1000°C the interaction between
Na;B40; and CusClsg occurs with the formation of
copper, CuClg), B,03 and oxygen. The possibility of
copper formation from its chloride in the presence
of Na;B;O; has not been described by anyone
before. It was found by the article authors for the
first time.

The obtained equilibrium values of the
distribution of elements in the CuS-NaCl-B;0s-0O;
system allow to show the most probable step-by-
step picture of the interaction using chemical
equations.

At 500°C: 2B,0; + 2CuS + 2NaCl + 2,505 =
0.58B,05 + 0.01Na;B407 + 0.47NaBs010 + 0.13Cu,S +
0.01CusCls(g) + 0.01CUsClag + 1.68CuCl + 0.39Na;S04
+0.26NaCl + 1.48505) (10)

At 750°C: 10™ reaction products = 0.39B,0;3 +
0.10Na,B407 + 0.47Na286010 + 0.07Cu + 0.09Cu,S +
0.18CusCls(g) + 0.10Cu4Cla(g) + 0.80CuCl + 0.30Na;S04
+0.25NaCl + 1.61503 (11)

At 1050°C: 11* reaction products = 0.35B,0; +
O.74NazB4O7 + 0.06Na286010 +0.21Cu + 0.01CU2C|2(g)
+ 0.48CU3C|3(g) + 0.07CU4C|4(g) + 0.05CuCl; +
0.10Na,504 + 0.21NaClig + 1.90502) (12)

At 1300°C: 12 reaction products = 0.58B,03 +
O.70NazB4O7 + 0.0lNang,Olo + 0.55Cu + 0.04CU2C|2(g)
+ O.27CU3C|3(g) + 0.01CU4C|4(g) + 0.51CuCl; +
O.OlCUC|2(g) + 0.02NayS04 + 0.54NaCI(g) + 0.1202(3) +
1.98S0;( (23)

A rather complex relationship is observed
between the total extraction of copper into the gas
phase (in the form of 3 chlorides) — aCuas) and
temperature. From Figure 5 it is seen that the curve
aCu(gas) = f(T) has a minimum, which is associated
with the maximum formation of elemental copper.

100 -

500 700 900

1100
Temperature, °C

The numbers on the line are pressure, bar

Figure 5 — Influence of temperature on the copper
extraction degree into gaseous chlorides (1) and the
degree of formation of elemental copper (2) at 0.1 bar
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According to the Le Chatelier’s principle, the
equilibrium of reactions which products are gaseous
substances can be shifted to the right by reducing
the pressure in the system. Figure 6 shows the
influence of pressure on the copper extraction
degree into gaseous chlorides — aCugas).

100

0 | | |

500 700 900 1100
Temperature, °C

The numbers on the line are pressure, bar

Figure 6 — Influence of temperature and pressure
on the copper extraction into the gas phase
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Figure 7 — Influence of temperature and pressure
on the elemental copper formation degree

From Figure 6 it is seen that the maximum
degree of copper chloride sublimation (89.6-90%)
decreases from 1050 to 850°C with a decrease in
pressure from 0.1 to 0.01 bar in accordance with the
equation:

Trmax = 55.302 — 10.241eIgP — 37.677 P (14)

A decrease in pressure from 0.1 to 0.01 bar shifts
the maximum (15-17%) formation of elemental
copper to the low-temperature zone from 850 to
600°C (Fig. 7). It is seen that the observed maxima of
copper chloride sublimation are associated with the

minimum of elemental copper formation in these
temperature zones.

At temperatures above 1000°C, a decrease in
pressure increases the elemental copper formation
degree. Thus, at 1200°C, a decrease in pressure from
0.1 to 0.001 bar leads to an increase in elemental
copper formation from 14.5% to 49.5% in
accordance with the equation:

Ocute) = 51.812 — 2.3874¢IgP — 4.9051IgP? (15)
Conclusions

Based on the obtained results on the interaction
under equilibrium conditions in the CuS-NaCl-B,0s-
0, system, the following conclusions can be drawn:

- the reactivity of NaCl with respect to CuS can
be increased from a thermodynamic point of view if
the reaction is carried out in the presence of B,0s;
with the formation of sodium borates;

- at relatively low temperatures of 500-800°C,
the reaction product is condensed CuCl and
NazBsO10;

- chloride-containing products in the system are
gaseous CusCls(g), CuaClag), CusClsg), CuaClyg, CuClyg),
Cuig and condensed Cu,S, CuCl, Cu; boron, sodium,
sulfur are present in the form of Na;B407, Na;BsO1o,
NaCI(g), Na,S0O4, SO,, B,0s3;

- the temperature of the maximum degree of
copper chloride sublimation at the level of 89.6-
90.0% (in the form of 3 copper chlorides) depends
on the pressure, decreasing from 1050°C to 950°C
with a decrease in pressure from 0.1 to 0.001 bar in
accordance with equation: Tmax=55,302—
10,2411gP—37,677¢P; it is not possible to increase
the degree of copper chloride sublimation from CuS
due to the fact that sodium borate — Na;B405 is not
inert with respect to gaseous copper chlorides;
when they interact (for example with CusCls),
elemental copper and gaseous NaCl are formed.
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Bbop (lll) okcmnaiHiH, KaTbicybimeH mbic (I1) cynbduainiH, HaTpuit xnopuaimeH
dpeKeTTecyiH KoMmnbloTepnik mogenbaey

'llesko B.M., *'Tynees M.A., ?Aiitkynos A.K.

1 M. 3ye3zoe ameiHOarsl OHmMycmik Kazakcmat yHusepcumemi, LLbimkeHm, KazakcmaH
2 KazakcmaH Pecriyb6aukaceiHbiH, MuHepandblk wukizammel keweHOi Kalima eHoey xeHiHoeai yammeblk opmansifel, Anmamsl, Kazakcma

TYAIHAEME

Kapa meTannyprusHblH, WKKIi3aT 6a3acbiH KeHenTy 6enrini 6ip Asperkene mMblC-MarHeTUT KeHaepiH
MbIC any apKblibl KelweHai eHAeyAiH TUIMA TeXHONOrUACbIH Kypyfa GainaHbicTbl. MaKanaga
HaTpuit xnopuai meH 60op (I11) okenaiH KongaHa oTbipbIn, CyNbdUA-MarHeTUT KeHaepiHae 6onaTtbiH
Maxana kengi: 14 Kaymap 2025 CuS-TeH MbICTbl X/I0pNay 3epTTeyniepiHiH, HaTuKenepi KentipinreH. 3eptreynep 500-1500°c
CapanTamagaH etTi: 24 Kaymap 2025 TEMNEPaATypanblK UHTEPBANAA XaHe MTMB66C MUHMMaNabl SHePrua NpuHLMNiHe HerisgenreH HSC-
KabbinaaHapl: 29 kaHmap 2025 10 6araapnamanbik KeweHiH KongaHa oTblpbin, TEPMOSUHAMUKAbIK Moaenbaey agicimeH 0,1-
0,001 6ap Kbicbimaa Kyprisingi. CuS-NaCl-B,0s3-O: yMeciHAeri e3apa 9peKeTTecy MbIC
xnopuarepiHin, (CuaCla, CusCls, CuzClz, CuCl), HaTpuit 6opaTTapbiHbib, (Na2B4Os, Na2BsO10), Na2SOas,
SOz Ty3iNyiMmeH XKypeTiHi aHbIKTanabl. a3 Tapisgec xsopuarepre MbICTbl SKCTPAKUMANAYAbIH,
Makcumangabl (89-90%) paperkeciHiH, TemnepaTypacbl KbicbiMHbIH, 0,1-a4eH 0,001 6apfa geiin
TemeHgereHge 1050-geH 850°C-ka aeiiH  TemeHgenai. MbICTbl  XnopuaneH aaaraHpa
(Bo3sroHka) CusCls Na:BsOs-meH apekretTeckeHAe Mbic neH NaCl rasbiHbIH, TysinyimeH 6ipre
JKYPETiHi aHbIKTanabl.

TyiliH ce3aep: XaNbKOMUPUT-MArHeTUTi KeHi, TEpMOAMHAMMKaNbIK MoAenbaey, TeMnepaTtypa,
KbICbIM, X/10p/bl @aiiAay, MbiC.
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KomnbloTepHoe mogenuposaHue B3aumopgencteua cynbpuga meam (ll) c
X1I0pMA0M HaTpuA B NpucyTBum okcuaa 6opa (lil)

!lllesko B.M., *'Tynees M.A., 2Aiitkynos [.K.

LHOmcHo-KazaxcmaHckuli yHusepcumem um. M.Aya3zo8a, LLibimkeHm, KazaxcmaH
2HayuoHanbHbIl yeHmp o KomraekcHol nepepabomke MuHepasnbHo2o cbipba Pecrybauku Kazaxcmas, Aamamel, KazaxcmaH

AHHOTAUUA
PacwupeHve cbipbeBoii 6a3bl YepHOIM MeTanNyprum B HEKOTOPOU CTENEHU 3aBUCUT OT CO3AaHUA
3bPEeKTUBHOW  TEXHONOTUM  KOMMAEKCHOM nepepaboTKU  MeAHO-MarHeTUTOBbIX  pysd ¢

n3BseYeHMEeM Meau. B cTaTbe NpUBOAATCA pe3ynbTaTbl UCCAEA0BAHUIA XNOPUPOBAHUA Mean U3
MNoctynuna: 14 aHeaps 2025

PeueH3nposaHue: 24 aHeapa 2025
MpuHATa B neyats: 29 AHsapa 2025 okcuga 6opa (lll). UccnepoBaHua nposogunn B TemnepaTypHom uHTepsane 500-1500°C u

pasneHun 0,1-0,001 6ap meTogomM TEPMOAMHAMUYECKOrO MOAENNPOBAHMA C UCNONb30BaHMEM

CusS, NpucyTCTBYIOLLEro B CYybGUAHO-MArHeTUTOBbIX PYAax C UCMOAb30BaHUEM X10pPUAA HATPHA U

nporpammHoro komnnekca HSC-10, OCHOBaHHOrO Ha NPUHLMNE MUHUMYMa 3Heprun TmMbbca.
HalpgeHo, yto B3aumopeiicteue B cucteme CuS-NaCl-B,0s3-O2 npoucxogut ¢ obpasoBaHuem
xnopugos meamn (CusCls, CusCls, CuxClz, CuCl), 6opatoe Hatpua (NazBsOs, Na:BeO10), NazSOa,
SO). TemnepaTypa makcumanbHoW (89-90%) cTeneHn w3BneyeHMs meau B razoobpasHble
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xnopuabl ymeHbwaetcs ot 1050 o 850°C npu cHuxkeHun gasnexmsa ot 0,1 ao 0,001 6ap. HanaeHo,
4YTO X/IOPMAOBO3rOHKA MeAW COMpoBONXAAeTcA 0OpasoBaHWEM 31EMEHTHOW Mean U
raszoobpasHoro NaCl npu Bzaumogeictaun CusCls ¢ Naz2B4Os.

Knroyeebie €108a: XanbKONMPUT-MArHeTUTOBas pyAa, TePMOSMHAMUYECKOE MOLENNPOBAHUE,
Temneparypa, 4asB/JeHune, XJI0PMA0BO3roHKa, Mefb.
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