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OPTIMIZATION OF RECIPES OF DEVELOPED RUBBER MIXTURES TAKING INTO ACCOUNT
THE EVALUATION OF PHYSICAL AND MECHANICAL PROPERTIES

Annotation: Optimization of the composition of rubber compounds is a complex and multifactorial
process due to the variety of components used and the complex relationships between them. Conducting a
series of experimental studies to select the optimal formulation requires a significant investment of time, raw
materials and laboratory resources. In this paper, an approach based on the use of mathematical modeling
methods is proposed, which makes it possible to predict the properties of rubber compounds and determine
their optimal composition. Special attention is paid to the use of natural zeolite and oil refining waste as
modifying additives, which helps to increase the efficiency and environmental friendliness of production. The
additives used include the organic fraction of oil sludge and natural zeolite from the Chankanai deposit. Based
on a priori information, an experimental design was developed to enable the construction of adequate
mathematical models using the least squares method. These models describe the relationships between the
component composition and both performance properties and economic criteria. An optimization problem is
then formulated based on these models, followed by an analysis of its features and the selection of the most
effective solution method. The effectiveness of the proposed approach is demonstrated through an example
of optimizing the rubber compound formulation. Modification of rubber compounds makes it possible to obtain
composite materials with increased oil resistance, stable elastic and strength properties. This approach helps
to reduce production costs by using affordable raw materials and simplifying the technological process. The
developed computational model for determining the optimal composition of a rubber compound can be used
both in scientific research and in industrial practice in the development of new formulations of elastomeric
compositions.

Key words: multicomponent mixtures, rubber mixtures for sealing the hydraulic seals, optimization
problem, conditional tensile strength, composition — cost.

Introduction. Modern production of rubber, construction and other industrial products relies
on the use of complex multicomponent systems, which include binders, fillers, resins, plasticizers
and various chemical additives that provide the required performance characteristics of materials.
These materials represent heterogeneous systems composed of particles and grains of varying
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dimensions. Their formulation can be mathematically described by a set of fractions zi, expressed in
mass, volume, or molar terms, meeting the conditions 0 <zi < 1 and ) zi = 1. When the performance
of such systems is governed exclusively by the ratios between individual components z = (z1, z2,
..., Zn), and not by the overall quantity, processing methods, or external influences, they are referred
to as multicomponent systems [1].

In the production of rubber products, it is often necessary to optimize the composition of multi-
component mixtures so that certain properties of these mixtures reach the best values, while taking
into account economic aspects. In the case of rubber mixtures, after developing the basic recipe, it
is important not only to fix the initial ratios of the components, but also to optimize them in the process
of further adjustment. This allows us to accurately determine such concentrations of individual
components of the mixture, at which the key performance characteristics of the vulcanizate,
determining the quality of the final product, will be expressed to the maximum. It is important that the
technological requirements are met, and the material and energy costs for the production of the
product remain minimal.

The composition of rubber mixtures is determined by the functional purpose of the product, the
expected operating environment, and specific technical requirements. Such compositions are based
on natural and synthetic rubbers, which are key products of oil refining [2-4]. Synthetic elastomers
are mainly used in industrial production, among which synthetic isoprene rubber (SKI-3) is the most
common. Despite the close similarity of its chemical structure to natural rubber, SKI-3 is inferior to
its natural counterpart in a number of performance characteristics [3, 5]. In this regard, formulations
of rubber compounds, as a rule, contain various modifying additives, and the search for new, more
effective components remains one of the key areas for improving the durability and operational
properties of finished products [6].

Since rubber compounds are complex multicomponent systems, the experimental
determination of their optimal composition requires significant time and material costs associated
with a series of laboratory tests. In modern conditions, mathematical modeling methods are
increasingly being used to solve this problem. This approach allows not only to significantly reduce
the duration of experimental studies, but also to predict the properties of final materials, as well as
to use statistical models to assess the structural reliability of polymer composites [7-13]. Thus,
mathematical modeling is becoming an important tool for optimizing technological processes and
developing new materials in various industries.The present study focuses on modeling an optimal
rubber compound formulation that incorporates industrial waste and locally sourced natural mineral
components.

Materials and methods

The following were considered as objects of study:

— organic part of oil sludge (OPOS), previously extracted from waste of @PetroKazakhstan Qil
Products@ LLP (Shymkent) by extraction method [14, 15];

— natural mineral zeolite of Chankanai deposit, Kazakhstan;

— rubber mixture for manufacturing rubber seals of hydraulic seals [16, 17];

— rubber mixture for manufacturing seals of hydraulic seals based on SKI-3, «kECO Shina» LLP
(Table 1).

2. Experimental part

At the previous stage of the research, we developed rubber mixtures based on SKI-3 for the
production of seals for hydraulic seals, instead of white carbon black, we used zeolite as a filler, and
the organic part of oil sludge as a softener, replacing PN-6Sh oil [16, 17].

2.1 Characteristics of materials

Synthetic cis-isoprene rubber [C5H8]n (poly-2-methyl-1,4-butadiene) grade SKI-3 [18] with a
content of cis-1,4 units of at least 96% and a molecular weight of 100 thousand to 1 million g/mol
was purchased from Russia (Figure 1).

[cHs

n

Figure 1 — Poly-2-methyl-1, 4-butadiene
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OPOS - from the qualitative and quantitative analysis of oil sludge of «PetroKazakhstan Oil
Products» LLP it was established that it contains organic compounds, solid inorganic components
and water. Basically, the organic part of the oil sludge is represented by paraffins and asphalt-
resinous substances. The presence of organic compounds in the oil sludge allows us to predict the
manifestation of the plasticizing effect when introducing oil sludge into the rubber mixture.

Zeolite (TU38.10281-88) is a natural mineral. The general formula of zeolites is Mex/n
[AIxSiyO2(x+y)]xzH20, where Me is a metal, n is its oxidation state, x is the number of aluminum
atoms, y is the number of silicon atoms, z is the number of water molecules.

2.2 Analytical control of raw materials

The group chemical composition was studied by liquid adsorption chromatography on a
chromatograph with a mass-selective detector on a XEVO TQ-GC/GC-8890 device [14]. The study
of functional groups in the organic part of the oil sludge by IR spectroscopy was carried out according
to the standard technique on a single-beam IR Fourier spectrometer ShimadzulRPrestige-21 with
an attenuated total internal reflection (ATR) Miracle attachment from PikeTechnologie [14].

The recipe of the reference rubber mixture, as proposed by the authors of Ref. [19], along with
the formulations of the studied rubber mixtures intended for the production of hydraulic seal
components, is presented in Table 1.

Table 1 — Recipe for rubber mixture for making seals for hydraulic seals

Name of ingredients Mass parts per 100 mass parts of rubber (caoutchouc
Prototype 1 2 3 4 5
SKI-3 of the 15t group 100 100 100 100 100 100
Technical sulfur 4 4 4 4 4 4
Sulfenamide M 0,8 0,8 0,8 0,8 0,8 0,8
Santogard PVJ 0,2 0,2 0,2 0,2 0,2 0,2
Zinc white 5 5 5 5 5 5
Stearic acid 2 2 2 2 2 2
Pine rosin 2 2 2 2 2 2
Softener ASMG 3 3 3 3 3 3
PN-6Sh oil 6 4 3 1 0 5
OPOS 0 2 3 5 6 1
Protective microwax 3B-1 1 1 1 1 1 1
Acetonanil R 2 2 2 2 2 2
Diafen FP 2 2 2 2 2 2
Carbon black P — 220 60 60 60 60 60 60
White carbon 20 15 10 5 0 17
Zeolite 0 5 10 15 20 3
TOTAL 208 208 208 208 208 208

Rubber mixtures for manufacturing seals for hydraulic seals were prepared with full and partial
replacement of PN-6Sh oil with the organic part isolated from oil sludge of «PetroKazakhstan Oil
Products» LLP, as well as with simultaneous replacement of white carbon black with zeolite from the
Chankanai field. The obtained mixtures were characterized by a satisfactory set of technological
indicators, after which the properties of the vulcanizate were determined. OPOS was introduced into
the mixture in a dosage of 1.0-6.0, and zeolite 3.0-20.0 parts by weight per 100 parts by weight of
rubber (caoutchouc). Five samples of rubber mixtures were prepared.

2.3 Tensile testing of rubber compound

To assess the practical effectiveness of using alternative fillers and plasticizers instead of
traditional components, several SKI-3-based rubber compounds were prepared in the laboratory
(Table 1). The tensile properties of the vulcanizates obtained were studied using a universal testing
machine in strict accordance with GOST 270-75. This method allows you to obtain reproducible
information about key parameters, including: tensile strength, elongation at break, and stress at
specified strain levels.

The test equipment provided a high degree of accuracy: the error did not exceed + 1% of the
applied load, starting from 20% of the maximum range. The lengthening of the sample was
constantly monitored, and the change in the distance between the control marks was measured
using a precision instrument with a scale division of no more than 1 mm, which guaranteed the
reliability of the results.
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Throughout the stretching process, the load corresponding to the specified elongation levels
was fixed. At the moment of fracture, both the breaking force and the final gauge length of the
dumbbell-shaped specimens were registered. In order to maintain the validity of the data, results
obtained from specimens that failed outside the working (narrowed) zone were discarded, as such
fractures could introduce errors into the analysis.

During stretching, the load corresponding to selected elongations was fixed, while at the point
of specimen rupture both the breaking force and the final gauge length were registered. Results
obtained from fractures occurring outside the working section of the dumbbell-shaped samples were
excluded, ensuring the correctness of the statistical analysis.

Vulcanizate tests were carried out according to GOST 270-75. The temperature resistance
was determined after accelerated aging at 80 °C for 72 hours. The determination of tensile strength
after thermal aging revealed how resistant the obtained materials are to prolonged exposure to high
temperatures close to real operating conditions. Thus, the tests carried out not only provided
accurate and repeatable results, but also showed that the developed rubber compounds have
characteristics suitable for practical industrial applications.

2.4 Study of the vulcanization process

The vulcanization process was studied in order to gain a more detailed understanding of the
mechanism and characteristics of the curing reaction of the studied rubber compounds. For this
purpose, the main parameters of vulcanization were determined using rheological analysis, which
allows us to trace the change in viscoelastic properties of the material over time and evaluate the
dynamics of the formation of a spatial grid. This approach makes it possible not only to determine
the optimal vulcanization conditions, but also to determine the effect of the mixture composition on
the rate and degree of crosslinking of the rubber. The measurements were carried out on a Monsanto
Rheometer 100S, which makes it possible to continuously record the torque generated during the
cross-linking process and thereby construct rheological curing curves. Such curves show how the
viscoelastic properties of the rubber compound change over time, and provide data showing the
vulcanization process. The tests were carried out according to GOST 12535-78, which ensures the
accuracy and comparability of the results. The samples were kept at 160 °C for 30 minutes (industrial
elastomer curing conditions). The analysis of the rheological data obtained made it possible to
determine the main parameters of the process, such as the optimal vulcanization time, the start of
the reaction and the maximum torque, which in turn reflects the degree of crosslinking of the rubber.
The above indicators helped to objectively assess the quality and technological properties of the
developed rubber compounds.

3 Mathematical modeling

3.1 Factors under study

Modeling and optimization of the parameters for obtaining rubber compounds with specified
properties was performed using a multifactorial probabilistic deterministic method. This methodology
makes it possible to account for the combined influence of several variables while simultaneously
ensuring statistical reliability of the obtained results.

As variable factors, two types of substitutions were investigated: the incorporation of the
organic fraction of oil sludge (OPOS) as a plasticizer in place of the conventional PN-6Sh oil, and
the introduction of locally available natural zeolite as a reinforcing filler instead of traditional white
carbon. These substitutions were selected due to their dual significance: on the one hand, they
contribute to cost reduction and resource efficiency, and on the other hand, they allow the evaluation
of the functional viability of alternative raw materials under industrially relevant conditions.

As a result of the research, mathematical models were built that describe the influence of
technological factors on the properties of materials. Based on them, optimal conditions for obtaining
vulcanizates that meet the specified criteria were determined. The adequacy of the models has been
confirmed experimentally. The values of the factors are shown in Table 1.

3.2. Matrix of the six-factor experimental design

Mathematical modeling of the optimal composition of the rubber compound was carried out
using a six-factor experimental plan, which made it possible to identify patterns of influence of key
technological parameters and their cumulative effect on the properties of the resulting material. This
experimental matrix made it possible to study changes in the mechanical properties of rubber
compounds depending on the selected composition parameters.
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For this purpose, samples with different ratios of components were tested, allowing us to collect
a sufficient amount of data and identify statistically significant patterns and relationships between
the factors. Based on the results obtained, regression equations were constructed, which became
the basis for further optimization of formulations of rubber compositions.

4. Results and discussion

4.1 Checking the optimality of the proposed rubber compound composition

To confirm the correctness of the proposed rubber formulation, a comprehensive assessment
of the main indicators of its quality was carried out. The objective of the study was to ensure that the
developed mixture meets the established standards and provides an optimal ratio of strength and
elasticity. According to GOST 269-66, testing methods and equipment are adapted to the unique
behavior of elastomers, which, unlike rigid materials, can undergo significant reversible deformations
under relatively low stresses. In addition, their response strongly depends on testing conditions,
including the duration of loading and temperature regime.

Another critical aspect is the susceptibility of rubber compounds to external non-mechanical
factors. Prolonged exposure to elevated temperatures, ultraviolet light, ozone, oxygen, or other
aggressive media can cause substantial degradation of mechanical properties. These features must
be taken into account when evaluating the adequacy of the compound’s composition, since they
directly influence the durability and operational reliability of the finished vulcanizates.

4.2 Tensile testing of rubber

The experiments are carried out according to a pre-selected plan [1]. The experimental data
obtained were processed using the least squares method, which allowed us to construct appropriate
mathematical models. After checking their adequacy, we proceeded to the formulation and solution
of the optimization problem.

To establish the optimal content of the organic part of oil sludge in rubber mixtures intended
for the manufacture of hydraulic seals, which achieve the best conventional tensile strength of the
vulcanizate, we used mathematical modeling and optimization methods.

The effect of the input parameters was studied: conventional strength (y1), relative elongation
at break (y2), tear resistance (y3) and Shore A hardness.

The mathematical formulation of such problems in the general case is as follows:

max(min)y;(z,2,,..,2,) j=Lm. max(min)L(z,2,...2,) k=1p o

n

when OSZiél’ Zi:121—11 )

hereyj(z1, z2,..., zn) j=1, m are functions of the properties of a multicomponent mixture, which
are Scheffe polynomials constructed on the basis of experimental data conducted according to
special plans [1], Lk (z1, z2,..., zn ), k =1, p are economic criteria.

The solution of the multi-criteria optimization problem (1)-(2) in the general case is associated
with serious mathematical difficulties, since usually the properties of the mixture, on the basis of
which the selection of the component composition is carried out, are of a contradictory nature.

The choice of the method for solving the multicriterial optimization problem (1)-(2) and
overcoming the mathematical difficulties that arise are possible only after developing the property
functions yj(z1,z2,...,zn) for j=1, m for a multicomponent mixture, taking into account the specifics of
the problem being solved, as well as the features of the economic criteria Lk(z1,z2,...,zn) when
k=1,p. These functions yj(z1,z2,...,zn), j=1,m and Lk(z1,z2,...,zn), k=1,p form a mathematical model
of the problem aimed at determining the optimal composition-property ratio of multicomponent
mixtures. The implementation of this approach can be demonstrated using the example of the
problem of selecting the optimal component composition of a rubber mixture used for rubber
products (RP).

It is necessary to optimize the component compaosition of the rubber mixture consisting of PN-
6Sh oil (x1), OPOS (x2) and zinc white (x3), zeolite (x4) in order to ensure the satisfaction of its
physical and mechanical characteristics: conventional strength (y1), relative elongation at break (y2),
tear resistance (y3) and Shore A hardness (y4) in accordance with the requirements of GOSTs or to
achieve the maximum (minimum) values of these parameters. At the same time, it is necessary to
minimize the cost of the mixture.

In this formulation, the optimization problem is multi-criterial. To solve it, the simplest approach
is to use the method of identifying the main criterion, which is the cost of the mixture.

ISSN 2788-7995 (Print) [Iskepim yHUBEpCUTETIHIH Xabapibichl. TexHukaibik Feutbivaap Ne 1(21) 2026 668
ISSN 3006-0524 (Online) Bulletin of Shakarim University. Technical Sciences Ne 1(21) 2026



4.3 Classical multi-criteria optimization of rubber compound composition:
4.3.1. Formulation of the optimization problem
We have:
Variables (x) — proportions of mixture components:
e x1: PN-6Sh oll
e X2: OPOS
» x3: White carbon
e X4: Zeolite
Response functions (y) — physical and mechanical properties of the mixture:
¢ y1(x): Conventional strength (MPa)
* y2(x): Relative elongation at break (%)
e y3(X): Tear resistance (KN/m)
e y4(x): Shore A hardness
Objective function:
e C(x): Cost of the mixture (tenge/kg), which needs to be minimized.
Obijective: Find such values of x1, x2, x3, x4 that:
1. Satisfy the requirements of GOST for parameters y1, y2, y3, y4
2. Minimize the cost function C(x)
4.3.2. Build regression models for the properties:
Based on the experimental data, build approximations:

Y1(X): fl(X11X21X31X4)
yz(x): fz(xlvxzvxs’XA)
y3(x): fs(X1’X2’X31X4)

Yo (X) = £, (X, %, X5, %)
These can be linear or polynomial models of the second order, constructed using the least
squares method.

4.3.3. We formulate restrictions:
GOST

'y12y1

GOST

* Y, 2Y;
GOST
*Y; 2 Ys

o Yol vy ]

o X X+ X+ X, =1

4.3.4. Cost formula:

C(X)=CX +CX, +CyX; +C,X,

where ci is the price of the components.

The results of the physical and mechanical properties of vulcanizates are given in Table 2.

Currently, traditional components — white carbon black and PN-6Sh oil, which are purchased
abroad — are used to manufacture rubber seals for hydraulic seals at ECO-Shina LLC (Shymkent).
The cost of white carbon black is 1850 tenge per unit, and PN-6Sh oil is 100 tenge per unit (Table
2). The price of one ton of rubber seals is 1.5 million tenge.

Mathematical modeling was performed using the Statistica 10.0 program, designed for
statistical analysis and processing of experimental data. The program provides a wide range of tools
for regression analysis, variance analysis (ANOVA), correlation analysis, and data visualization. In
scientific and engineering research, Statistica is used to identify dependencies between variables,
optimize compositions, and assess the influence of factors on output parameters [20]. Figures 3-5
show the results of modeling the «composition — cost» dependence of components, as well as the

dependence of the physical and mechanical properties of rubber on the content and cost of the
components of the rubber mixture.
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Table 2 — Physical and mechanical properties of rubbers

Standard according to Sample number
Name of indicators TU 22.19.73-047- Proto 1 > 3 4 5
46028995-2018 type

Content of PN-6SH oil, 6 4 3 1 0 5
m.p.
Cpntent of organic part of 0 2 3 5 6 1
oil sludge, m.p.
White carbon content, 20 15 10 5 0 17
ppm
Zeolite content, ppm 0 5 10 15 20 3
Conditional strength, MPa | not less than 12.0 1354 | 13,45 | 13,37 | 13,13 | 13,00 | 13,47
Relative elongation at not less than 350 420 420 429 425 425 429
break, %
Tear resistance, kN/m, not less than 40.0 | 53,96 | 5321 | 52,30 | 52,06 | 51,21 | 53,15
not less than
Shore A hardness,
conventional units, not 62+5 60 60 60 59 59 60
less than

Unit price, tenge white carbon black = 1850
Cost of each component PN-6SH oil = 100
(tenge/kq) Zeolite =102.60

OPOS =15, 694

Figure 2 — Modeling the «composition —
cost» relationship of rubber compound
components
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Figure 3 — Mathematical modeling of the dependence of
the physical and mechanical properties of rubber on the
content and cost of white carbon black and PN-6Sh oil
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Figure 4 — Mathematical modeling of the dependence of the physical and mechanical properties
of rubbers on the content and cost of OPOS and zeolites

i

Figure 5 — Results of modeling the physical and mechanical properties of rubbers obtained using
the 40°Cx25 min mode: a — Conditional strength, MPa; b — Tear resistance, kN/m
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This paper proposes replacing PN-6Sh oil with an organic component of oil sludge, and white
carbon black with natural zeolite from the Chankanai deposit. The cost of the new raw material is
102.60 + 15.694 tenge per unit, while the cost of the traditional formulation is 1850 + 100 tenge per
unit. Thus, the proposed formulation is significantly cheaper than the traditionally used one (Figures
2-4).

Figure 5 shows the results of modeling the physical and mechanical properties of rubbers
depending on the content of OPOS and zeolite.

Analysis of the data in Figure 5 and Table 2 demonstrates that the performance characteristics
of the experimental rubber samples are largely comparable with those of the reference (serial)
compound, and in certain cases even surpass them. For instance, the nominal tensile strength
(Figure 5a) and tear resistance (Figure 5b) under optimal vulcanization conditions (20 minutes) show
values that are nearly equivalent to, or slightly higher than, those of the standard formulation. This
effect can be attributed to the fine dispersion of zeolite particles, which, when evenly distributed
within the polymer matrix, enhance interfacial interaction and consequently improve the mechanical
performance of the compound.

It is noted that the elongation at break (Table 2) of the standard vulcanizate and sample Ne 1
was about 420%, while the experimental samples (No. 2-5) showed slightly higher values — 422-
425%. This indicates that the modified rubber compounds are characterized by increased elasticity
and are able to withstand large deformation until destruction. The slight increase in the indicator is
probably due to the introduction of OPOS and zeolite from the Changkanai deposit, which improve
the flexibility of the material by changing the structure of the polymer matrix.

The best physical and mechanical characteristics of rubbers intended for sealing hydraulic
seals were achieved at a content of 6.0 wt. % OPOS and 20.0 wt. % of zeolite per 100 wt. % of
rubber.

Thus, even small differences in composition indicate the positive effect of the proposed
modifications, which increase the stretchability of the material without significantly reducing other
mechanical properties.

Quantitative analysis shows that the incorporation of natural zeolite and oil-refining waste leads
to an improvement of 1-3% in elongation at break and up to 2-4% in tensile strength relative to the
conventional reference formulation. These changes, although moderate, demonstrate a measurable
reinforcing effect attributed to the synergistic interaction between OPOS and the finely dispersed
zeolite filler.

Among the evaluated approaches, the most effective was the optimization of composition by
varying the content of zeolite and OPOS. The formulation containing 6 wt.% OPOS and 20 wt.%
zeolite demonstrated the best balance of strength and elasticity. When transferred to industrial-scale
production, this optimization strategy remains applicable and stable because it does not require
modification of processing equipment and relies solely on adjusting the proportions of standard raw
materials. The technological operations-mixing, molding, and vulcanization-retain their
reproducibility, ensuring consistent mechanical properties across large production batches.

Conclusion

Based on the conducted research, a mathematical basis was formed for determining the
optimal composition of rubber compounds. Unlike traditional methods, the developed model takes
into account the use of non-traditional components: the organic part of oil sludge (OPOS) and natural
zeolite of local origin. Their introduction was examined not only as a means of resource utilization,
but also as an effective factor in optimizing the course of vulcanization and improving the
performance profile of elastomeric materials.

The integration of these additives has demonstrated tangible benefits. Rubber composites
obtained under such conditions exhibit superior resistance when exposed to oil-containing
environments, maintain stable elasticity and mechanical strength during operation, and show
reduced dependency on costly polymer fractions. Also, simplification of the production cycle helps
to reduce technological operations, which in turn leads to lower costs.

Thus, the developed mathematical model for selecting the optimal rubber formulation can be
considered as a universal tool with practical value for industrial applications. It allows us to
simultaneously solve the problems of improving the performance characteristics of materials and
reducing the cost of production, and also serves as a methodological basis for further fundamental
research in the field of polymer science and elastomer technology.
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®PU3INKA-MEXAHUKATBIK KACUETTEPIH BAFAJNIAY[1bl ECKEPE OTbIPbIN, 93IPJIEHIEH PE3UHA
KOCMANAPbIHbIH PELIENTIH OHTAUNAHObLIPY

PesuHa KocnanapblHbiH KypaMbiH OHMalnaHoblpy — Oyn KondaHbirnambiH KOMIOHEHmMmepdiH
apmypiriiniciHe xoHe onapldbiH apacbiHOarbl Kypoeni KambiHacmapra balinaHbicmbl Kypoesi XeHe Kerl
gakmopnbi npouecc. OHMadnel peuenmmi maHoay ywiH 6ipkamap 3KcrepuMeHmmiK 3epmmeyrep Xypaizy
yakbimmbl, WUKI3ammbl X8He 3epmxaHarbiK pecypcmapobl kKaxem emedi. byn xymbicma pe3uHa
KocrnasiapbiHbIH KacuemmepiH 6ormkayra xeHe onapdblH oHmadsbl KypamMbiH aHbiKmayfra MyMKiHOIK 6epemiH
Mamemamukarblk ModesnibOey adicmepiH KondaHyra HezaizdenzeH macifl yCbiHbiFaH. Taburu yeonum reH
myHali eHOey KanObiKmapbiH MoOucbuKkayusinaywsl Kocranap pemiHOe naudanaHyra epekwe Ha3ap
ayOapbinadsl. byn eHdipicmiH muimdiniei MeH 3Kono2usinblK MmasalibifbiH apmmbipyfra biknan emeoi.
Kocnanap pemiHOe myHal wriamMbiHbIH Op2aHuKasblK hpakyusicbl xeHe LllaHkaHal KeH OpHbIHbIH yeonumi
natidanaHblnlbl. bacmarkbl aknapam HeeisiHOe eH kKiwi keadpammap adiciveH bapabap mamemamukarnbiK
moldenb0ep Kypyra MyMKiHOIK 6epemiH 3KkcriepuMeHmmep >ocrnapbl xacanobl. byn modensdep natidanaHy
Kacuemmepi MeH 3KOHOMUKasblK KepcemkiumepdiH KocraHblH KOMIOHeHMMIK KypambiHa mayendinieiH
cuiammadldbl. AnbiHFaH Mmodenbdep HeeidiHOe oHmadlnaHoblpy MiHOemi myxXbipbiMOandbl. OHbIH
epekwenikmepi 3epmmendi xoHe wewyodiH eH muimdi adici maHOandkl. YcbiHbiFaH macindid4 muimdiniei
pesuHa KocracbiHbiH OHmMaulsbl KypaMbiH maH0ay MbicarnbiH0a KepcemineeH. Pe3uHa KocrnanapbiHbiH
modugpukayusicbl Matira mesimdiniai Xofapbl, mypakmbl ceprnimOi xoHe bepikmik Kacuemmepi 6ap
KoMro3uyusinbiKk MamepuandapObl anyra MyMkiHOIk 6epedi. Byn macin Kon xemimoi wukisammsl natidanaHy
JKOHEe mexHOo2usArbIK npouecmi xeHindemy apkblibl 6HOIpIC WhkirbiHOapbIH asalimyra kemekmeceOi. Pe3uHa
KocnachkiHbIH OHmMadlsbl KypambiH aHbiKmayObiH xobarnaHraH ecerimey ModeriH FbinibiMu 3epmmeyrnepde Oe,
eHepkacinmik maxipubede Oe asnacmomepriik Komro3uyusnapobiH XaHa peuenmiH xacay ke3iHOe Oe
KondaHyra 6onadbl.

TytiH ce3dep: Ken KOMNOHEHMMI Kocranap, eudpassnukasbik Mblfbi30arbilumapra apHanFaH pe3uHa
Kocnanapsbi, oHmadnaHobIpy MiHOemi, wapmmabi co3bli1y 6epikmigi, Kypambl-KyHbI.
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ONTUMU3ALUA PELLENTYP PA3PABEOTAHHbIX PE3UHOBbIX CMECEN C YYETOM OLIEHKU
®U3UKO-MEXAHUYECKNX CBOUCTB

Onmumu3ayusi cocmaea pe3uHosbix cmecel npedcmasnisiem cobol CroXHbIU U MHO20QhaKmopHbIl
rpouecc, 0bycrio8eHHbIU pa3HoobpasueM MPUMEHSIEMbIX KOMIMOHEHMO8 U CIIOXHbIMU 83aUMOCES3sIMU
mex0y Humu. [lpoeedeHue cepuu aKcriepuMeHmarsbHbIX uccrnedosaHul 0Ons nodbopa onmumarnbHOU
peuenmypbi mpebyem 3Ha4umesibHbIX 3ampam 8peMeHU, Cbipbsi U s1labopamopHbIX pecypcos. B daHHoU
pabome npednoxeH nodxod, OCHOBaHHbIU Ha NMpUMeHeHUU Memodos MamemMamu4ecKko20 MoOeupPo8aHUs,
rno3sonsowull NPo2Ho3uUposame ceolicmea pe3uHosbix cMecell u onpedesiums UX onmumalibHbIl cocmas.
Ocoboe sHumaHue yderieHO UCM0b308aHUK MPUPOOHO20 yeoruma u omxodoe Hegpmenepepabomku 6
kadecmee Mmoducpuyupyrowux dobasok, 4Umo criocobcmeyem [08bIWEHUD 3hhekmusHocmu U
aKosioeuyHocmu  npousgodcmea. B kadecmee 006a80K UCMOMb308aHbl Op2aHuyeckas hpakyus
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Hegpmewnama u uyeonum YaHkaHalickoeo MecmopoxdeHusi. Ha ocHose arnpuopHol UHgopmMauuu
paspabomaH nnaH 3KCMepuMEeHmMos, Mo3eosUWUl nocmpoums adekeamHble Mamemamu4deckue mModenu
mMemodoM HauMeHbWUX keadpamos. Omu mModeriu onuchbigarm 3a8UCUMOCMb IKCTyamauUuoHHbIX ceolicme
U 3KOHOMUYECKUX oKa3amerseli om KOMIMOHEHIMHO20 cocmaea cmecu. Ha ocHose nosny4YeHHbix moodernel
cehopmyrnupoeaHa 3adaqa onmumu3ayuu, nposedeHo uccriedosaHue eé ocobeHHocmel U 8bibpaH Hauboree
agbpekmugHbIli Memod peweHusi. SghgpekmusHocmb npedrioxeHHo20 rnodxoda AeMoHcmpupyemcsi Ha
npumepe nodbopa onmumasbHO20 cocmaea pe3uHosol cmecu. Modugpukayusi pe3uHosbix cmecel
r10380s15em osly4amsb KOMMIO3UYUOHHbLIE Mamepuarsibl C M08bILEHHOU Mac/ioCmoUKOCMbo, cmabusibHbIMU
9MaCmuYHbIMU U POYHOCMHbLIMU  ceolicmeamu. Takol nodxod  criocobcmeyem  CHUXEHUH
pou3Bo0CMBEHHbLIX 3ampam 3a CcYyem  UCMofb308aHUsi  00CMYrNHO20  CbIpbs U YIIPOW|eHUs
mexHOosI02u4YecKoeo rpouecca. PaspabomarHas pacdyemHas Modesib onpedeneHus onmumarnbHo20 cocmasa
pes3uHoeol cmecu Moxem bbimb NpUMEHeHa KaKk 8 Hay4YHbIX uccriedoBaHusiX, maK U 8 MPOMbIWIEHHOU
rnpakmuke rnpu pa3pabomke HO8bIX peuernmyp 37acmoMepPHbIX KOMIO3uyud.

Knroyeeblie cnoea: MHO20KOMIIOHEHMHbIE CMECU, pPe3uHoeble cmecu Ons  yrn/aomHeHul
a2udposameopos, 3adaqya onMuMU3ayuU, yCI08HY0 MPOYHOCMb MPU PacMsKeHUU, cocmas — CmoumMocme.
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3HEPIUA CAKTAY K¥PbUFbITAPbIHbIH ChINbIMALINbIK OHIMAUIIH APTThIPY YLUIH
MXENE MOAN®UKALUATIAY SOICTEPI

AHOamna: by wony xymbicbiHOa eki enwemdi MXene mamepuandapsiH, eH andbiveH TizC, Ty xoHe
OHbIMeH balinaHbicmbl KocblfibicmapObl, cyrnepkoHOeHcamoprnap MeH aubpudmi 3Hepauss cakmay
KypbinfblnapbiHOa KondaHy MakcambiHOa on1aplObiH ChilbIMObIILIK culammamariapbiH - apmmbipyFra
barsimmanraH 3amaHayu molugukayusinay adicmepi xxaH-xakmbl mandaHalsl xoHe xylteneHedi. MXene
MmamepuarndapbiHbIH Xofapbl 31eKMPOHObIK emkidziwmizi, Kabammbl KypbifibIMbl XoHe XUMUsbIK 6enceHOi
6emi onapdbl sHepaus XuHakmay Kypbiifbinapbl YWiH nepcriekmusarnbl 371ekmpoOmblKk Mamepuandap
pemiHde Kapacmbipyra MymKiHOiK bepedi. Analida onapObiH npakmukasbiK KosndaHblnybi kabammapObiH
Katima mblirbi3darybi, 6erceH0i opmarnbiKkmapObiH KormkemimOinieiHiH wekmernyi XoHe y3aK UUKIOiK XYMbIC
bapbicbiH0a  KypblibIMObIK — MypakmblibiKmbiH — memeHOeyi  cuskmbl  bipkamap  weKkmeynepMmeH
cunammanadel. Ocbkl wony ascbiHda MXene mamepuandapbiHbiH 37IEKMPOXUMUSINILIK KacuemmepiHe acep
ememiH Heezizal MoOugbukayusinay cmpameausinapbl, COHbIH iWiHOe UHMepkKanayusnay apkblisbl
kabamaparnblK KalwbIKmbiKmbl pemmey, 6emki mepmuHandbiK monmapobiH YHKUUOHaNU3ayusichbl,
KeMipmexkmi HaHoMamepuandapMeH xoHe emriesnii MemandaplObiH okcudmepimeH KoMmrozummep mya3y,
eemepoamomMmObl  nieeupney, MOpPONo2USNbIK UHXEHepUsi xoHe opmypni KeliHei eHOey adicmepi
Kapacmbipbinadbl. AmarnraH macinndepOiH UOHObIK XoHe ar1ieKmpoHObIK emkisailumikke, nceedokoHOeHcayus
yneciHe xeHe 3nekmpod mamepuandapbiHbiH YUKIOIK mypakmbinbifbiHa acepi carbicmbipMalibl mypoe
baranaHadbl. ©90ebu depekmep Heai3iHOe MeHWIKMI CbIlbIMObINbLIK MEH y3aK Mep3iMOi UUKIOIK mypakmbirbIK
Kepcemkiwumepi boUbIHWa xannbinadFad manday Xypeisinin, MXene HeezidiHOeai anekmpodmapobi
OHmMaunaHobipyra OGarbimmarnraH npakmuKkaablK YcbiHbicmap MeH 6onawak 3epmmey b6arbimmapbl
myxbipbimOanadsbi.

Tyiin ce3dep: MXene, cynepkoHOeHcamopnap, 3Hepeausi cakmay, 6emmik Modugbukauus,
UHmMepkKansyus, ncee0oKkoHOeHcamopap.

1. Kipicne

MXenaep — Mn+1Xn Tx XXannbl popmynacel 6ap eki enwemai etneni metann kapbuarepi meH
HUTPUATEPIHIH Knacbl, myHaarel M — epte etneni metann (Ti, V, Nb, Mo xeHe 1.6.), X — C
xoaHe/Hemece N, an Tx — 6eTTik (pyHKUMOHanNAbIK TonTap, HeridiHeH —O, —OH xaHe —F. MAX
daszanapblH CenekTuBTi eHOey >aHe kabaTTel MXengepai fanbiHoay ©OOMbIHWA anfallkpl
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