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Abstract: The integration of biological and renewable resources as fillers
or novel components in thermoplastics and rubbers has gained attention
due to their potential to mitigate the environmental impact of petroleum-
and natural gas-derived fillers. This study explored using a carbon-
mineral filler, derived from coal shale processing by-products, as a partial
or complete substitute for standard industrial fillers in rubber formulations
for sealing materials. Six rubber compositions were produced, varying in
the proportion of carbon-mineral filler replacing N550 semi-reinforcing
carbon black, and were evaluated for viscoelastic, kinetic, physical-
mechanical, structural, and operational properties. Fully substituting
technical carbon with the carbon-mineral filler improved technological
characteristics, reducing Mooney viscosity by 40.5% and increasing
resistance to premature vulcanization by 53.6%. When up to 10 wt.% of
N550 was replaced, the materials retained required strength and hardness.
Moreover, the elasticity of rubbers increased by up to 1.5 times with
higher filler content. Even at elevated substitution levels, sealing
performance remained stable, while resistance to aggressive liquid media
nearly doubled (up to 1.9 times). These findings suggest that the carbon-
mineral filler can extend the service life of rubber sealing products while
reducing reliance on conventional fillers.

Keywords: carbon-mineral filler, industrial elastomeric compositions,
Mooney viscosity, relative compressive set

1. Introduction

Technical carbon and white carbon black (hydrated silicon dioxide,
mSiO2-nH20) remain the most widely used reinforcing agents in
elastomer composites based on both natural and synthetic rubbers. Their
incorporation into rubber matrices substantially enhances mechanical
performance, particularly strength and deformation characteristics.
However, these improvements are now well-documented and understood,
and further advancements using this conventional approach have reached
a practical limit (Garishin et al., 2018; Basak et al., 2012). To achieve new
breakthroughs, it is necessary to explore alternative, non-traditional
fillers.
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One promising strategy involves the use of finely dispersed clay minerals such as
montmorillonite, halloysite, palygorskite, and shungite (Valera-Zaragoza et al., Shakun et al., 2014;
Zoromba et al., 2015; Lua et al., 2016). These materials offer natural variability in particle
morphology, which can be selected to suit specific application requirements. For instance,
montmorillonite dispersion yields ultrathin plate-like structures (Xie et al., 2001; Garishin et al.,
2009), palygorskite forms elongated needle-shaped particles (Tang et al., 2016), while shungite
results in spherical globular particles (Ignatov et al., 2014). It is important to note that these mineral
fillers are derived from soft, loose sedimentary rocks, which typically have a Mohs hardness between
1 and 4. Interestingly, after dispersion, the resulting filler particles exhibit significantly higher
hardness and strength than the original mineral. Thus, low initial hardness of the raw mineral serves
as an indicator of its favorable dispersibility and suitability for producing high-quality reinforcing
fillers.

Incorporating dispersed clay particles into rubber enhances not only its physical and mechanical
properties but also provides several valuable functional characteristics, such as improved thermal
stability, flame resistance, reduced diffusion permeability, environmental safety, and lower overall
production costs (Fengge, 2004). These composite materials represent structurally complex and
heterogeneous systems, consisting of a soft, highly elastic, low-modulus rubber matrix reinforced
with much harder and stronger dispersed filler particles. Such a structure leads to intricate mechanical
behavior, including finite deformation, nonlinear elasticity, and viscoelastic responses, which arise
from the coexistence of reversible and irreversible structural transformations during deformation. At
present, elastomer composites containing mineral fillers are being actively investigated through both
experimental studies and theoretical modeling (Rooj et al., 2012; Rooj et al., 2013; Zhang et al.,
2012). From a practical standpoint, one of the most promising applications for these advanced
materials is in the manufacturing of automotive tires and various technical rubber goods.

Elastomeric composites are considered highly promising structural materials, with their
products widely utilized in industries such as automotive, aviation, aerospace, oil refining, and many
others. In the development of these composites and the manufacturing of products from them,
significant emphasis is placed on environmental sustainability, along with enhancing both economic
and energy efficiency during production. Consequently, there is a growing need for the creation of
new types of highly dispersed fillers, including those derived from natural sources. Such fillers should
ensure an optimal balance of mechanical characteristics in polymer composites while offering clear
advantages over conventional materials, making their development a critical and timely objective.

This study aims to explore the possibility of utilizing a by-product from oil shale extraction as
a partial or complete substitute (10-90 wt%) for synthetic filler in specialized rubber compositions.
The research focuses on assessing the rheological, kinetic, physical-mechanical, and performance
properties of these modified formulations with the goal of lowering production costs and minimizing
environmental pollution. For this purpose, an existing industrial rubber compound recipe designed
for manufacturing sealing products was selected, where the conventional N550 technical carbon was
replaced by the carbon-mineral filler derived from coal shale processing.

2. Materials and methods
2.1 Materials

The study utilized a carbon-mineral filler (CMF) derived from the by-products of coal shale
mining at the Balausa deposit (Republic of Kazakhstan) through a preliminary flotation process. This
filler has a chemical composition comparable to that of shungite rock (Table 1) but is distinguished
by its higher carbon content and stable, uniform composition.

Table 1. Elemental composition of the surface of carbon-mineral filler

Elements Content, %
C 38.34
0] 35.85
Si 18.24
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Al 1.20
S 1.41
Fe 1.82
K 0.79
Ba 2.23
Mg 0.05
P 0.04
Na 0.01
Ca 0.02

The CMF contains a relatively high level of metal impurities (=6.16%) along with a measurable
amount of sulfur (1.41%), both of which can significantly influence the kinetic behavior during the
processing of rubber compounds.

The CMF is characterized by a structure composed of fragmented mineral aggregates
interspersed with larger grains, which are surrounded by fragments of the rock matrix (Figure 1).

a) x100, b) x200, c¢) x500, d) x2000, e) x2000, f) x4000
Figure 1. SEM image of CMF at different magnifications

The physicochemical characteristics of the CMF are presented in Table 2.

Table 2. Physicochemical characteristics of CMF

Indicator name Indicator value
Specific external surface area according to BET, m?/g 21
Sorption volume, cm®g 0.02
Particle size, um 5
Structure crystalline

X-ray phase analysis conducted using a D8 Advance Bruker AXS diffractometer (Germany)
revealed that the silicon in the CMF exists predominantly in a crystalline form (Figure 2).
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Figure 2. Diffractogram of the CMF sample

To evaluate the feasibility of incorporating CMF into production, studies were carried out using
an existing industrial formulation of an elastomeric composition based on BNKS-18AMN synthetic
butadiene-nitrile rubber (GOST R 54556-2011, 2013), specifically designed for manufacturing
sealing products (Table 3). The formulation is presented solely for reference, as the exact industrial
recipe cannot be disclosed by the authors.

Table 3. Recipe for industrial elastomeric compositions

Ingredient name Ingredient content,
wt. parts
BNKS-18 AMN 100.00
Sulfur 2.60
Vulcanization accelerators 2.45
Zinc white 5.0
Antioxidants 2.0
Filler: technical carbon grade N550 90
Plasticizer 35
Stearic acid 1
Total 238.05

The BNKS-18 AMN-based composition is utilized in the production of sealing rings that
require high sealing performance. For this purpose, a semi-reinforcing grade of carbon black, N550,
is used, featuring a specific external surface area of 41 m%/g and an average aggregate size of 3 pm,
as determined experimentally and in accordance with ASTM D1765-03. The structural characteristics
of carbon black depend on its grade, which is defined by the size of primary particles and the
morphology of aggregates. Based on these parameters, carbon black can exhibit either a highly
aggregated or a less aggregated structure. Typically, aggregates are further combined into
agglomerates held together by physical forces. Highly reinforcing grades of carbon black are
distinguished by a greater proportion of branched aggregates, which create porous structures with a
large surface area. This extensive surface promotes strong interactions with the rubber matrix,
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resulting in superior reinforcing effects (Balasooriya et al., 2019; Savetlana et al., 2017). Reinforcing
fillers enhance the mechanical strength of rubbers and improve other key performance characteristics,
such as tear resistance, wear resistance, and conditional stress at specific deformations. Conversely,
when the structure of carbon black decreases, a higher proportion of spheroidal and ellipsoidal
aggregates is observed (Jurkiewicz et al., 2018). Fillers with a low structure are less effective at
reinforcement but are commonly used to reduce the production cost of rubber compounds. They also
improve processing characteristics through hydrodynamic effects and can impart specific properties,
such as improved heat and light resistance, to the final rubber product (Savetlana et al., 2017).

In the tested formulation, both partial replacement of N550 technical carbon with carbon-
mineral filler in dosages ranging from 10 to 50 wt.% and its complete replacement in a dosage of 90
wt.% were carried out. With partial replacement, the total filler content in the elastomeric composition
remained unchanged.

The concentrations of all other components in the formulation were kept constant, allowing for
a clear assessment of the influence of the CMF on the technological and performance properties of
the industrial elastomeric compositions.

2.2 Methods

The mixing of the components was carried out on RC-WW 330 150/150 laboratory roll mills
(Rubicon, Germany) at a temperature of 45+5°C and a roll speed of 25 rpm. Following the mixing
process, the rubber compound was used without any additional treatment. The introduction of the
carbon-mineral filler was performed simultaneously with N550 carbon black in three successive
stages.

In this study, the Mooney viscosity of the rubber compounds was measured using an MV 2000
shear disc viscometer (Alpha Technologies, USA) following the requirements of GOST R 54552-
2011 (GOST R 54552-2011, 2013). The test involves immersing a metal rotor (disc) into a rubber
compound sample placed inside a rigid cylindrical chamber, where specific pressure and temperature
conditions are maintained. The rotor rotates slowly at a constant speed in one direction for a set period
of time. The resistance of the rubber to this movement generates torque, which is recorded in
conventional units and expressed as the Mooney viscosity of the sample.

The vulcanization and rheological characteristics of the rubber compounds were evaluated
using kinetic vulcanization curves obtained with an ODR 2000 rheometer (Alpha Technologies,
USA) in accordance with GOST 12535-84 (GOST 12535-84, 1985). This method involves measuring
the torque generated during shear deformation of the sample, which is caused by the oscillations of a
rotor equipped with a biconical disc operating at a specified frequency and amplitude under controlled
temperature conditions. Test specimens weighing 10 g were prepared in any shape that allowed the
chamber to be completely filled. The vulcanization of the BNKS-18 AMN-based elastomeric
compositions was performed at 163°C for 30 minutes using a vulcanizing press, after which the
samples were kept at room temperature for 24 hours prior to mechanical testing.

The evaluation of elasticity and strength properties of the elastomeric compositions was
performed by determining the conditional tensile strength and elongation at break at a stretching
speed of 500 mm/min using a T2020 DC10 SH tensometer (Alpha Technologies, USA). Testing was
conducted on 15 standard specimens for each rubber formulation in compliance with GOST 270-75
(GOST 270-75, 1975). The method involves stretching the test samples at a constant rate until rupture,
while measuring the force at specific elongation points, as well as recording both the force and
elongation at the moment of sample failure.

The Shore A hardness of the elastomeric compositions was measured using a DIGI-TEST
hardness tester (Bareiss, Germany) in accordance with GOST 263-75 (GOST 263-75, 1989). This
method is based on determining the material's resistance to the penetration of an indenter into the
rubber surface.

The relative residual compression deformation (RRCD) of the rubber samples was measured
on nine specimens following the procedure outlined in GOST 9.029-74 (GOST 9.029-74, 1982). The
RRCD value, expressed as a percentage and calculated with an accuracy of 0.01, was determined
using Formula 1:

62



A.H. I'ymures amuindazvt Eypasus yammutx ynusepcumeminit, xabapuivicol. Xumus. eozpagus. Drorozus cepuscol, 2025, 152(3)

_ hg—h

¢ ho — hy

1)

where ho — height of the sample before testing, mm;
h — height of the sample after «resting», mm;
hs — height of the limiter, mm

The method involves subjecting the samples to static compression deformation, after which the
RRCD value is used to assess the rubber's ability to maintain its elastic properties following aging
under controlled conditions. The tests were performed at 25% compression and a temperature of
125+2°C. The final result was calculated as the arithmetic mean of the measurements obtained from
all tested specimens, with a minimum of three samples required for accuracy.

The resistance of the elastomeric compositions to aggressive liquid media was assessed by
measuring the changes in mass and volume of the samples after exposure to a standard test liquid. To
evaluate the chemical resistance of the rubbers, the samples were immersed in a 70:30 vol.% mixture
of isooctane and toluene and kept at a temperature of 23+2°C for a period of 1 to 7 days, following
the procedure specified in GOST 9.030-74 (method A) (GOST 9.030-74, 2006).

The equilibrium swelling method is one of the most commonly applied techniques for
determining the cross-linking density of vulcanized rubber materials (Averko-Antonovich et al.,
2002). For this study, five rubber samples were prepared, each measuring 200x10x2+0.2 mm. The
samples were initially weighed using analytical balances and then immersed in toluene as the solvent.
After reaching the equilibrium swelling state, the specimens were placed in an oven at 60+1°C for 24
hours to completely remove the absorbed solvent, followed by a final weighing to determine mass
changes.

The volume fraction of rubber in the swollen unfilled vulcanizate Vi, m®/mol, was calculated
from the ratio:

F
Ptare —
V.= s (2)
r F  Lswell ~dry
Pgtary - —+
Py Ps

where Pstart — IS the initial mass of the sample, kg;
F — mass fraction of rubber in the vulcanizate;
Pswen — mass of the swollen sample, kg;
Pary — mass of the sample dried after swelling, kg;
pr, ps — densities of rubber and solvent (toluene), kg/m?®.
For filled rubbers, the value of V, was converted to Vo using the equation of Cannin and Russell
(Ovcharov, 2001):

V=V (e +b) 3)

where a and b are constants characterizing the system (for the rubbers under study, a = 0.56; b =
0.44);
z is the mass fraction of the filler in the vulcanizate.
The average molecular weight of the chain segment M. enclosed between two crosslinks was
determined using the Flory-Renner equation:

Vgt VigHn(1-V,,)
B 1 (4)
P Vo (Viy=0.5Vsy)

)
MC
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where Vo is the molar volume of the solvent, m3/mol;
x — Huggins constant, which characterizes the polymer-solvent interaction.
The value of y for each sample was calculated according to Kraus, who assumed a linear
relationship between y and V.:

¥=0,37+0,52-V, (5)

The number of cross-links n contained in 1 cm?® of vulcanizate was calculated using the formula:

Ngp,
n= 6
" (6)
where Na is Avogadro's number, 6.023-102% mol™.
The cross-linking density v, mol/m® was determined by the expression:
Py
y=—% 7
" 7)

where p is the density of the vulcanizate, kg/m?®.

Based on the study results, the obtained data were subjected to mathematical processing, which
demonstrated that the relative measurement error at a confidence level of 0.95 did not exceed 5%.
The analysis and processing of the experimental results were carried out in compliance with GOST
269-66 (GOST 269-66, 1993).

3. Results and discussion
3.1 Determination of viscosity according to Mooney

Figure 3 presents the results of measuring the Mooney viscosity (M() of rubber compounds
formulated with different amounts of carbon-mineral filler based on BNKS-18 AMN.

60,0 -
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o

o
1

N

o

o
1

Viscosity according to Mooney,
Mooney units

0,0 -
90/0 80/10  70/20  60/30  40/50 0/90
Filler ratio N550/CMF, wt. parts

Figure 3. Dependence of the change in Mooney viscosity of rubber compounds on the dosage of
CMF in elastomeric compositions based on BNKS-18 AMN

When N550 carbon black was replaced with CMF, the Mooney viscosity of the rubber
compounds decreased by 5.0-40.5% as the CMF content increased. This reduction is attributed to the
differences in the physicochemical surface properties of the fillers, particularly their specific external
surface area. CMF has a surface area of 21 m?/g, whereas N550 carbon black has a higher value of
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41 m?/g. Due to this difference, the ability of the combined filler system to form chain-like structures
is significantly diminished, which weakens the physical interactions between the filler and the rubber
matrix. As a result, the mobility of elastomer macromolecular segments increases, facilitating greater
shear deformation and easier movement of macromolecules relative to one another, ultimately leading
to lower viscosity (Fernandes et al., 2017). This decrease in viscosity is advantageous for processing,
as it reduces the energy consumption required during the manufacturing of rubber compounds
(Beknazarov et al.).

3.2 Determination of the kinetic parameters of the vulcanization process

Vulcanization of elastomeric compositions is the process in which rubber reacts with a
vulcanizing agent, leading to the formation of a three-dimensional cross-linked network. During this
process, the plasticity of the rubber decreases, while its elasticity and strength increase. At the initial
stage, the rubber compound gradually loses its fluidity (sub-vulcanization). This is followed by the
main stage, characterized by a sharp increase in strength as cross-linking intensifies. When the
optimal vulcanization point is reached, the rubber achieves a balanced combination of physical and
mechanical properties. After reaching this optimum, the material maintains its properties for a certain
period, known as the vulcanization plateau. However, with prolonged vulcanization, reversion (over-
vulcanization) occurs, leading to the breakdown of cross-links and a deterioration of rubber
properties. By analyzing the kinetic parameters of the vulcanization process using rheometers, it is
possible to track and evaluate all major stages of network formation and structural changes during
vulcanization (Shutilin, 2003).

Table 4 shows the kinetic parameters of the vulcanization process of industrial rubber
compounds based on BNKS-18 AMN with carbon-mineral filler.

Table 4. Kinetics of vulcanization of rubber compounds based on BNKS-18 AMN

Filler ratio M, ts2, ts(90), M,

N550 / CMF, wt. parts dH'm min min dN'm

90/ 0 (industrial) 6.62 1.66 4.33 26.87
80/10 3.87 1.92 4.23 25.58
70/20 3.30 1.91 4.07 24.99
60/ 30 2.80 2.06 4.69 23.15
40 /50 2.55 2.24 4.59 21.41
0/90 2.10 2.55 5.11 16.34

Notes:

1. ML — minimum torque, dN-m;

2. ts2 — vulcanization start time, determined by an increase in minimum torque by 2 Nm, min;
3. te90) — optimal vulcanization time, min;

4. AM — difference between maximum and minimum torque, dN-m.

The analysis of the vulcanization kinetics revealed that partial substitution of N550 carbon
black with CMF results in a 41.5-68.3% decrease in My compared to the control composition
containing only carbon black. This reduction reflects the enhanced fluidity of the modified rubber
mixtures (Brum et al., 2019). These findings align with the observed trends in Mooney viscosity
changes, confirming the consistency of the results. Furthermore, the pronounced decrease in this
parameter highlights the significant role of metal impurities present in the CMF (Table 1), which
strongly affect the vulcanization kinetics (Kabulov et al., 2022).

It was found that partial replacement of N550 carbon black with CMF leads to a notable increase
(up to 53.6%) in the onset time of vulcanization (ts2), indicating higher resistance to sub-
vulcanization. As a result, the optimal vulcanization time also rises by up to 15.3%. However, these
effects are observed only at higher CMF concentrations (30-90 wt%). This behavior is likely
associated with the high porosity of the CMF surface, which enhances the adsorption of vulcanizing
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system components. Such adsorption reduces their availability in the rubber matrix, thereby slowing
down the vulcanization reaction (Dominic et al., 2019).

The analysis of the difference between the maximum and minimum torques (4M), which serves
as an indirect measure of polymer crosslinking density (Ovcharov, 2001), showed that incorporating
CMF derived from coal shale by-products into elastomeric compositions causes a reduction of up to
39.2% in this parameter compared to the industrial control formulation. This decrease suggests
weaker interactions within both the «rubber-filler» and «filler-filler» systems. Such a reduction in
interfacial bonding is expected to have a significant impact on the elasticity and strength of the
resulting rubber materials.

3.3 Study of the effect of CMF on the physical and mechanical properties of elastomeric compositions

To evaluate the impact of CMF on rubber performance, the physical and mechanical properties
of the vulcanizates were examined. The analysis included measuring the conditional tensile strength
(fp), elongation at break (ep), and Shore A hardness.

The industrial BNKS-18 AMN-based elastomeric composition is designed for the production
of sealing products that must comply with the requirements of TU 2512-046-00152081-2003 (TU
2512-046-00152081-2003, 2003). According to this standard, the finished products should exhibit
the following technical specifications:

« Conditional tensile strength (f,): not less than 7.8 MPa;
« Elongation at break (ep): at least 150%;
e Shore A hardness: within the range of 60-85 units.

Figure 4 presents the results of testing the physical and mechanical properties of special-
purpose rubber compounds in which CMF was used as a partial or complete replacement for N550
carbon black.
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Figure 4. Physical and mechanical characteristics of elastomeric compositions based on BNKS-18
AMN containing CMF in various dosages

It was found that partial substitution of N550 carbon black with CMF at dosages of up to 30
wit% results in a 28.7% reduction in conditional tensile strength (fp). Despite this decrease, the strength
values remain within the technical requirements for this type of rubber. However, when the CMF
content exceeds 30 wt%, a sharp decline in tensile strength is observed (Figure 4a). The reduction in
rubber strength in the presence of CMF can be attributed to its inert filler effect, which leads to non-
uniform distribution of applied stress during tensile testing (Zhang et al., 2004; Sehriban et al., 2024).
A similar trend was observed in the Shore A hardness values (Figure 4c). The hardness of the
industrial composition was 64 Shore units, while formulations with CMF ranged from 63 to 45 Shore
units, depending on the level of replacement. Conversely, relative elongation at break (ep) increased
by up to 1.5 times with higher CMF dosages (Figure 4 b). This effect correlates with the observed
changes in fp and is explained by a reduction in intermolecular forces between polymer chains, which
enhances their mobility and flexibility (Karaagag, 2014). The differences in strength characteristics
of CMF-containing rubbers are most likely due to a lower crosslink density of the vulcanization
network combined with a decrease in reinforcing filler content. At higher filler loadings, variations
in particle structure and surface energy may cause filler agglomeration or dilution effects, which
further reduce strength. This behavior suggests that CMF particles are less capable of bearing and
distributing stress within the polymer matrix, leading to deterioration of the rubber's mechanical
properties (Arayapranee et al., 2005).

3.4 Determination of the cross-linking density of rubbers

Rubber is produced through the vulcanization process, during which linear macromolecules of
rubber are chemically cross-linked, forming a three-dimensional network structure. This
transformation fundamentally alters the material’s properties, giving the final product its
characteristic strength and elasticity. One of the key structural parameters of amorphous network
polymers is the degree of cross-linking, which directly influences their performance. The physical
and mechanical properties of vulcanized rubber are closely related to both the crosslink density and
the overall architecture of the vulcanization network (Kimet et al., 2020).

To describe the spatial network structure of rubbers, key parameters are used, including the
crosslink density (v) and the number of crosslinks per cubic centimeter of vulcanizate (n). These
indicators provide essential information about the degree of network formation and are crucial for
evaluating the performance characteristics of vulcanized rubber materials (Averko-Antonovich et al.,
2002).

Table 5 presents the results of determining the spatial network indicators of the studied
elastomeric compositions containing CMF in various ratios.
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Table 5. Spatial network indicators of industrial rubbers

Filler ratio Name of indicators
N550 / CMF, wt. parts n-10%°, cm3 v-104, mol/cm?
90/ 0 (industrial) 10.56+0.5 1.7540.1
80/10 10.16+0.5 1.68+0.1
70/20 9.64+0.5 1.60+0.1
60 /30 9.28+0.5 1.54+0.1
40/50 8.18+0.4 1.36+0.1
0/90 6.66+0.3 1.1140.1

The analysis of the spatial network parameters of special-purpose rubber compounds in which
CMF was used to replace the synthetic filler N550 demonstrated that the addition of CMF caused a
reduction of up to 36.9% in the number of cross-links (n) compared to the formulation containing
only carbon black. These findings are consistent with the results obtained from evaluating the
vulcanization kinetics (Table 5). A less dense crosslinking network leads to increased elasticity of the
vulcanizates, as it reduces the intermolecular interactions between macromolecular chain segments
located between the network nodes (Zhovner et al., 2003). Moreover, due to their smaller particle
size and larger specific surface area, carbon black particles facilitate a higher degree of crosslinking
with the elastomer matrix compared to CMF (Savetlana et al., 2017).

3.5 Study of the effect of CMF on the relative residual compression deformation of rubbers

Modern technology heavily relies on rubber products, which are essential components in
various machines and often directly influence their operational efficiency. When designing rubbers
for such applications, it is crucial to consider both the operating conditions and the types of
deformation the material will experience during service. Selecting the key performance indicators for
rubber products is often the most challenging part of development. For non-stressed rubbers, these
indicators typically include relative elongation, tensile strength, and elastic modulus. In contrast, for
stressed rubbers, residual deformation becomes a critical parameter. Since the geometric dimensions
of rubber products must remain nearly unchanged throughout their service life, the relative residual
compression deformation (RRCD) is considered one of the most important indicators. It reflects the
rubber's ability to maintain its elastic properties under continuous compression. A lower RRCD value
indicates better performance and higher suitability of the rubber for long-term use (llyicheva et al.,
2021).

Given that the BNKS-18 AMN-based compositions under study are designed for the production
of sealing products, which are typically mounted in a fixed position and subjected to static
compression deformation caused by the weight of the machinery and operational loads, tests were
carried out to measure the RRCD of these materials (Figure 5).
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Figure 5. Dependence of the change in the relative residual compression deformation of elastomeric
compositions on the filler ratio

Comparative analysis of the sealing performance of BNKS-18 AMN-based rubbers showed that
replacing the semi-reinforcing N550 carbon black with CMF leads to a slight increase in RRCD
values, by up to 5.5%, as the CMF content rises compared to the formulation with only industrial
filler. This trend can be explained by the higher elasticity of the macromolecular chain segments
between the network nodes in CMF-containing compositions. This enhanced flexibility facilitates the
return of the polymer chains to their original conformation after compression, thereby maintaining
the sealing properties of the material.

3.6 Study of the effect of CMF on the resistance of rubbers to aggressive environments

Rubbers are widely used for sealing devices because of their high elasticity, excellent shock-
absorbing capacity, and other valuable performance characteristics. Typically, these seals operate in
direct contact with hydrocarbon-based working media, which can significantly alter their composition
and properties over time (Fedorova et al., 2022). Considering this, it was important to investigate how
different dosages of CMF affect the resistance of BNKS-18 AMN-based rubbers to aggressive liquid
environments. For this purpose, tests were conducted using a 70:30 mixture of isooctane and toluene
as the standard medium (Figure 6).
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Figure 6. Dependence of the change in mass of rubbers on CMF after exposure to liquid aggressive
media
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The study of BNKS-18 AMN-based elastomeric compositions containing CMF demonstrated
that increasing the CMF content enhances the resistance of vulcanizates to swelling in aggressive
liquid media. Specifically, as the CMF dosage rises, the resistance improves by up to 1.9 times
compared to the composition filled only with N550 carbon black. This behavior is likely linked to the
physicochemical properties of the CMF surface. The interaction between aggressive liquids and filled
rubbers largely depends on the wettability and activity of the filler, as well as the strength of the filler-
rubber network it forms. Fillers are generally classified into active and inert types. Active fillers
contribute to the higher strength and wear resistance of rubbers. Inert fillers, on the other hand,
primarily impart special properties, such as heat resistance or enhanced chemical resistance
(Vorobyova, 1981). Given these characteristics, the improved resistance of CMF-containing rubbers
is most likely due to the inert nature of CMF, which limits the penetration of aggressive media into
the rubber matrix.

4. Conclusion

This study examined the effect of a natural carbon-mineral filler (CMF), derived as a by-product
of coal shale mining at the Balausa deposit (Republic of Kazakhstan), on the properties of BNKS-18
AMN-based elastomeric compositions designed for the production of sealing products. The findings
showed that complete replacement of N550 carbon black with CMF led to a decrease in Mooney
viscosity of the rubber compounds by up to 40.5%, indicating improved processability compared to
the industrial reference composition. Rheometric analysis revealed that increasing the proportion of
CMF enhanced the resistance to premature sub-vulcanization, with a rise of up to 53.6%. In terms of
mechanical properties, full substitution of N550 with CMF caused a reduction in conditional tensile
strength by up to 86.0%, while the relative elongation at break increased by up to 1.5 times. Notably,
replacing up to 10 wt% of carbon black with CMF allowed for the production of rubbers that met the
required technical specifications for sealing applications. Furthermore, higher CMF loadings
preserved the sealing performance (variation within 5.5%) and significantly improved the resistance
to aggressive liquid media, with an increase of up to 1.9 times. Overall, these results demonstrate that
carbon-mineral filler can serve as a sustainable and cost-effective alternative to conventional fillers
in the rubber industry, offering environmental benefits while maintaining satisfactory performance in
sealing products.
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dJaacTOMEpPIiK KOMIIO3UIMSJIAPAA KOMIPTEKTI TAaKTarac OHIIPYAiH KaHama
OHIM/IepiHe Heri3eJIreH KOMIPTEeKTi MUHEPAJAbI TOJTHIPFBIIITHI KOJJIAHY

Banepus booposa, Cepreii Heunnypenko, Auapeii Kacneposuu, Aiirepum Kaiiaiizaposa

AHaaTna. BUONOTMAUIBIK JKOHE >KaHApThUIATBIH pecypcTapibpl TepMoIUIacTap MEH pe3eHKenae
TONTHIPFBIII HEMECE KaHa KOMIIOHEHTTEP peTiHle Maiaiany ojapJblH MyHail MEH TaOUFU ra3faH
QJIBIHFaH TOJTBIPFBILITAP/BIH KOpILIaFaH oOpTara ocepiH a3zalTy KaOUIeTiHIH apKachlHJa Ha3ap
aynapTajsl. byl 3epTTey KOMipTeKTi TaKTaTacTap/abl KaiiTa OHIey iH )KaHaMa OHIMJICPIHCH aJIbIHFaH
KOMIPTEKTI MHUHEpabl TOJTBHIPFBIIUTHl TBHIFBI3JAFBIN  MaTepUallapFa apHaJFaH pe3eHKe
KOMITO3UIUSUIAPIAFbl  CTAHAAPTTHl OHEPKICINTIK TONTHIPFBIIITAPABI  ilIiHApa HEMECE TOJBIK
aybICTBIpy peTiHAe maijanaHyabl KapacTbipaibsl. N5S50 okapTbulaif  apMHpIIEHIeH KyHeHi
QJIMAaCTBIPATBIH KOMIPTEK-MHHEPAABI TOJTBIPFHIIITHIH apaKkaThIHACKIMEH EPEKIIECIICHETIH KOHE
TYTKBIPp CEpIiMIl, KHHETHKAIBIK, (PU3MKaIbIK-MEXaHUKAJIBIK, KYPBUIBIMABIK >KOHE MaljgalaHy
KacueTTepine OarajaHFaH alThl pe3eHKE KOMITO3HIIUS Kacajabl. KeMipTeKTi KoMipTeKTi-MUHEPaIIIbI
TOJTBIPFBILINEH TOJIBIK aYbICTBIPY TEXHOJOTUSJIBIK OHIMALIIKTI XKaKcapTThl, MyHHU TYTKBIPJIBIFbIH
40,5%-ra TeMEHIETTI JKoHEe Mep3iMiHEH OYpPbIH BYJIKaHH3AIMAFa TO3IMIUTIKTI 53,6%-Fa apTTHIPABI.
10 mac.% neitin aysicThipran ke3fe N550 MmaTepuanaap KakeTTi OEpiKTiK MeH KaTThUIBIKTHI CAKTaIbl.
CoHbIMEH KaTap, KaydyKTepJiH HWUITIIITIIT TOJTBHIPFBILTHIH MeJIIepl >KOFapbl OoOJiFaH Ke3je
mamMameH 1,5 ece ecTi. TONTBIPFBILITHIH MOJIIIEP] apTKAH Ke3/1€ 1€ ThIFbI3/1ay TYPAKThl OOJIBII KAl Ibl,
all KaTThl CYMBIK OpTara Te3IMIUIK €Ki ecere XyblK ocTi (1,9 ecere neitin). byn notwxkenep
KOMIPTEKTI-MUHEPAIIbl TOJTHIPFBIINI KOIIMIT TOJTBHIPFBILITAPFa TOYENJUIIKTI a3aiiTa OTHIPHII,
PE3€HKE THIFBI3IaFBIIITAP IBIH KBI3MET €Ty MEP3iMiH y3apTa alaThIHBIH KOPCeTe .

TyiiiH ce3aep: keMipTeK-MUHEPAJIIbI TOJITHIPFBIII, OHEPKICINTIK 3JIACTOMEPIIIK KOMIIO3ULIUAIIAD,
MyHu OOMbIHIIIA TYTKBIPJIBIK, CATBICTBIPMAIIbI KAJIABIK KbICY J1e(hOopMarusChl

le’lMeHeHI/Ie YIJI€poa-MUHEPAJIbHOI0 HAMNOJHUTEJIA Ha OCHOBE MOOOYHBIX
IPOAYKTOB HOﬁbI‘II/I YIJIHUCTBIX CJIAHIEB B 3JIACTOMEPHBLIX KOMIIO3UIIUAX

Basiepust booposa, Cepreit Heununypenko, Auapeit Kacneposuu, Aiirepum Kaiiaiizaposa

AnHoTanusi: Vcnonmb3oBaHue OHOJIOTHYECKMX ¥ BO30OHOBISIEMBIX PECYpCOB B KauecTBE
HATIOJTHUTEIIEH WM HOBBIX KOMIIOHEHTOB B TEPMOIJIACTaX M KaydyyKaX MPHUBJIEKIIO K ce0e BHUMaHue
Onarojgaps HMX NOTEHIUAIbHOM CHOCOOHOCTH CHIKAaTh BO3JEHCTBHE HAa OKPYXKAIOUIYIO Cpeay
HATIOJTHUTEINEH, MOJIydaeMbIX M3 He(pTH M TPHUPOIHOTO ra3a. B »TOM wmccrnenoBaHWU H3y4aloCh
WCIIOJIb30BAHUE YIIIEPOA-MUHEPATBHOTO HAIOJHUTENSA, TOJYy4aeMOro M3 TMOOOYHBIX MPOAYKTOB
nepepaboTKU KAMEHHOYTOJIbHBIX CIIAHIIEB, B KAUECTBE YACTUYHOM HIIM MOJTHOM 3aMEHbI CTaHJaPTHBIX
IMPOMBIIIJICHHBIX HaIIOJIHUTEJIEH B PE3NHOBBIX KOMIIO3HMIUAX JIA YINIOTHHUTCIBHBIX MAaTCpUaIOB.
Bbi10 M3roTOBIIEHO HIECTh PE3UHOBBIX KOMITO3UIIMM, OTIMYAIOIIMXCS COOTHOIIEHHEM YTIEPOI-
MHUHEPAITHHOTO HAMOJHUTENS, 3aMEHSIONICTO IMOIyapMUPYONIyt0 caxy N550, u KoTopble ObLIH
OLICHEHBl HA  BA3KOYNpYrHe, KUHETUYECKHEe, (U3UKO-MEXaHHMUECKUE, CTPYKTypHbIE U
JKCILTyaTallMOHHbIE cBOMcTBA. [loHast 3aMeHa TEXHUYECKOTO yriepoa yriepoaHO-MUHEPATbHBIM
HAIOJIHUTEJIEM YIyUIlINjIa TEXHOJOTHYECKUE XapaKTePUCTUKH, CHU3UB BA3KOCTh 110 MyHu Ha 40,5%
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Y TIOBBICUB YCTOMUMBOCTH K IPEKIEBPEMEHHOM BynkaHu3auuu Ha 53,6%. I1pu 3amene no 10 mac.%
NS550 marepuansl COXpaHsiau TpeOyeMyr HPOYHOCTh M TBEpAOCTb. Kpome TOro, 3i1acTU4YHOCTb
Kay4yKOB YBEIMYHMIIACh MOYTH B 1,5 pa3a npu O6osiee BEHICOKOM COJIepKaHUU HanoaHUTeNs. Jaxe npu
HOBBIIIEHHOM KOJMYECTBE HAIMOJHUTENS FepMETUYHOCTh OCTABalach CTAOMUIIBHOM, a CTOMKOCTh K
arpecCUBHBIM KUIKUM CpellaM IouTH yaBounack (1o 1,9 paza). DT pe3ynbTaThl CBUAETEIBCTBYIOT
O TOM, YTO YIJIEPOJHO-MUHEPAIbHBIA HAMOJIHUTENIb MOXET MPOMJIUTh CPOK CIIYKObl PE3UHOBBIX
YIJIOTHUTEIBHBIX U3JENINH, CHU)KAsl TIPU 3TOM 3aBHCUMOCTB OT OOBIYHBIX HAIIOJIHUTENEH.

KiarwueBblie cioBa: erICpOl[-MI/IHepaJIBHHﬁ HAIlOJIHUTCJIb, MPOMBIINIJICHHBIC 3JIACTOMCPHBLIC
KOMITIO3HMIIMH, BA3SKOCTH I10 MYHI/I, OTHOCHUTCIIbHAasA OCTaTO4YHaA ,Z[C(bOpMaHI/IH CXXaTusi
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