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The topology of the infinite cluster in polymer composites containing micro- and nanoparticles of Ni was investigated, enabling a
quantitative evaluation of how the size of conducting particles influences the percolation transition and the structure of the conductive
network. The use of nanosized Ni reduces the critical concentration to Vs = 0.105, compared with Vs = 0.21 for microparticles,
increases the parameter 61 by more than an order of magnitude, and results in a sharper, more localized percolation transition. The
cluster structure exhibits pronounced fractal-hierarchical features: the fractal dimension of the backbone is 1.6-1.8 and that of the
dangling ends is 1.9-2.1. The cluster density, correlation radius, and topological parameters follow power-law relations typical of three-
dimensional percolation (v = 0.85). At high concentrations of the conducting phase (V' > 0.3), the asymptotic conductivity reaches
63 Q'-cm™ in nanocomposites versus 8 Q'-cm'for microparticle-based materials. These findings confirm the high efficiency of Ni
nanoparticles in forming an extended, interconnected, and branched conductive network, providing the foundation for next-generation
high-conductivity composites.
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INTRODUCTION

As is well known, metal-polymer composites (MPCs) are a class of functional materials in which the metallic phase
is dispersed within a polymer matrix, forming a conductive network that combines high electrical conductivity with the
flexibility, chemical stability, and manufacturability of polymers. Such materials are widely used in electronics, sensing
systems, electromagnetic shielding coatings, antennas, flexible printed circuits, and thermal management systems [1-5].
Their properties are primarily controlled by altering the nature and volume fraction of the metallic filler, as well as the
shape, distribution, and size of its particles. These microstructural parameters govern the metallic phase's ability to form
a three-dimensional conductive network, or the so-called “infinite cluster,” once a critical concentration—the percolation
threshold—is reached [6,7].

The theory of percolation and fractal geometry forms the basis for understanding the mechanisms governing the
formation of conductive pathways in heterogeneous systems [8]. According to this theory, as the concentration of the
filler increases within the dielectric matrix, the system undergoes a transition from isolated particle clusters to an
interconnected network that enables macroscopic conductivity. The morphology and topology of this network are
determined by the size, shape, and spatial distribution of the particles, as well as by the nature of their interfacial
interactions [9]. The topology of the infinite cluster is characterized by several parameters — such as fractal dimension,
coordination number, degree of branching, and contact density — that significantly influence the electrical, thermal, and
mechanical properties of the composite [10].

Recent studies confirm that the particle size of the metallic filler is a key factor governing the percolation behavior
of MPCs. In particular, the review in [11-13] demonstrated that, at a fixed volume fraction of the filler, an increase in
particle dispersity (size distribution width) leads to a higher percolation threshold.

As noted in [14], two nanocomposites containing metallic particles exhibit a high percolation threshold—exceeding
55 vol. %—when the particle size is non-optimal, which is consistent with experimental observations. The use of copper
particles coated with silver in a PPS polymer matrix reduces the percolation threshold and increases the effective dielectric
permittivity of the composite compared with composites based on pure Cu particles. This improvement is attributed to a
more uniform particle distribution and enhanced adhesion to the matrix [15]. Similar trends have been reported for EVA-
based composites containing Zn particles, where the relationship between the electrical percolation threshold and
mechanical properties is governed by the morphology of the infinite cluster [16]. It has been established that reducing Zn
particle size promotes the formation of a more cohesive conductive network, leading to a lower percolation threshold and
enhanced electrical conductivity while maintaining mechanical strength.

Numerical models and stochastic finite-element simulations also confirm the decisive role of microstructure in the
formation of the cluster network. In polymer composites with magnetic fillers (Fe, Ni), a reduction in particle size results
in a pronounced reorganization of the cluster structure: the connectivity density increases, while the average chain length
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decreases, which affects both the mechanical and magnetic properties of the material [17]. According to the findings
in [18], the shape and spatial distribution of particles exert a significant influence on the percolation threshold and
dielectric permittivity; moreover, a reduction in filler polydispersity promotes the formation of a more regular fractal
cluster structure.

Several recent publications [19-21] highlight the importance of the spatial organization of metallic particles within
the matrix and the potential to predict it using modeling approaches. According to the results reported in [15,22], the
development of a unified model of electrical and thermal conductivity for composites containing metallic particles of
various sizes has shown that reducing the mean particle diameter of Cu and Ag by approximately 20-30% leads to a
decrease in the percolation threshold (from =4 vol% for pure Cu to = 3 vol% for Ag-coated Cu particles), owing to the
increased probability of forming contact bridges. It has also been noted that targeted manipulation of the conductive
network topology can be achieved by controlling the spatial distribution of fillers within the polymer matrix, including
the combined use of micro- and nanoparticles that form a multilevel conductive structure [23].

Of particular interest are studies linking cluster geometry to the mechanical and dielectric properties of MPCs. The
work in [24] demonstrated that rubber-based composites containing metallic magnetic particles exhibit a double
percolation threshold, associated with the formation of two distinct types of clusters—local and system-spanning. Similar
findings were reported in [25], where polyurethane composites with AIN and BN microparticles were investigated. The
authors showed that the network topology near the percolation threshold dictates not only the electrical but also the
thermoelectric properties of the material. These observations confirm that variations in particle size and the degree of
agglomeration directly influence the morphology of the infinite cluster and, consequently, the overall properties of the
composite.

An analysis of the literature indicates that the particle size of the metallic filler plays a decisive role in the formation
of the conductive structure in metal-polymer composites. However, most published studies focus either on empirically
determining the percolation threshold or on examining the material's macroscopic properties, without a detailed
investigation of the cluster network's topology. Insufficient attention has been given to the quantitative characterization
of how particle size and its distribution affect the fractal characteristics of the infinite cluster, such as connectivity density,
degree of branching, and geometric coherence.

The present study aims to investigate the relationship between the particle size of the metallic filler and the topology
of the infinite cluster in metal-polymer composites containing micro- and nanoparticles of nickel (Ni). By combining
experimental structural analysis with elements of percolation modeling, the work seeks to elucidate the fundamental
patterns governing the evolution of the conductive network morphology as a function of particle size and spatial
distribution.

EXPERIMENTAL SAMPLES AND RESEARCH METHODOLOGY

To investigate the effect of metallic particle size on the morphology and conductive properties of the composites, a
nanocomposite containing Ni particles was synthesized via thermal decomposition of nickel formate within a polymer
matrix. The nanocomposite was prepared via thermal decomposition, analogous to the synthesis of nanoparticles in
polyethylene and polypropylene matrices [26,27]. Specifically, nickel formate powder was added to a solution of
phenylon in dimethylformamide (4 g of phenylon per 100 g of solvent). After thorough mixing, the mixture was heated
to ensure complete removal of the solvent. To prevent aggregation of nickel formate particles, the reaction mixture was
ultrasonically processed using a UZDN-1 disperser (22 kHz, 0.3 W). Following solvent evaporation, the resulting material
was placed under vacuum and held at 373 K for 1 hour to remove residual solvent. The temperature was then increased
to 573 K and maintained for 5 hours, enabling the formation of metallic nanoparticles through the thermal decomposition
of nickel formate.

The particle size and spatial distribution within the composites were determined using small-angle X-ray scattering
(SAXS), which enables the characterization of inhomogeneities with characteristic dimensions ranging from 5-10 A to
approximately ~10* A [28]. Calculations of the metal particle radius indicated that the nanoparticles did not exceed 30 nm
in diameter, consistent with the experimental data.

The microcomposite containing metallic particles was produced by mechanically mixing the metallic powder with
the polymer matrix in a planetary mill for 7 hours. The metallic powder itself was obtained by thermally decomposing
nickel formate under vacuum at 573 K for 3 hours. The resulting particle diameter ranged from 1 to 3 um, which was
confirmed by transmission electron microscopy (TEM) using a BS242E (Tesla) microscope.

In both types of composites, the metal concentration (V1) was calculated based on the metallic content of the precursor
compound. For electrical measurements, the powder samples were pressed into 15 mm diameter, 2 mm thick pellets using
hot pressing. The resistance of the resulting samples was measured according to the procedure described in [29].

RESULTS AND DISCUSSION
In the present study, the topology of the infinite cluster (IC) in polymer matrices containing micro- and nanoparticles
of Ni was investigated using percolation theory methods. For these systems, the key characteristics of the IC were
determined, including its density, volume fraction, tortuosity, skeletal volume fraction, and number of dead ends, as
functions of the metallic particle size.
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According to percolation theory [30], the conductivity ¢ of composites with randomly distributed metallic particles
is described by the following relations:

avi)= oV

aVvi)= oV,

where o1 and o2 are the conductivities of the metallic particles and the dielectric matrix, respectively; V: is the volume
fraction of the metallic filler; V. is the critical concentration at which an infinite cluster is formed; and ¢ and ¢ are the
critical exponents, which for three-dimensional systems take values of approximately 1.6—1.8 and 1, respectively.

Percolation theory provides tools for quantitatively describing the topology of the resistance network, in particular
the density of the infinite cluster P(V), which represents the fraction of sites belonging to the infinite cluster:

P (V]) = V// V], (3)

=V)L V>V, (1)

V.
V)< Vi<V, ()

where V/ is the volume fraction of the infinite cluster. For ¥; < V; one has P(V;) = 0, while with increasing ¥ the value
of P(V1) approaches unity. Near the percolation threshold, the density of the infinite cluster follows a power-law
dependence [31]

P(V)) = D(V-Vy)”, 4

where D = 1 and f is the critical exponent (for three-dimensional systems £ =~ 0.4).
The length of the backbone of the infinite cluster is evaluated using the model proposed by B. I. Shklovskii [31], in
which the IC network is represented as a large, planar fishing net (Fig. 1).

Figure 1. Topology of the Infinite Cluster Backbone

A typical topology of the infinite cluster (IC) backbone in three-dimensional composite systems with conducting
particles is shown in Fig. 1. This model is traditionally considered within the framework of percolation theory [32]. The
backbone is represented as a network of interconnected conductive paths linked by nodes. The diagram illustrates the
primary load-bearing chains that provide a continuous path across the sample and determine the electrical conductivity
of the system for V; > V; near the percolation threshold V; = V; dead ends account for as much as 80-95% of the IC. A
key parameter highlighted in the figure is the correlation radius R (ranging from 10 to 103 m for Ni-based composites),
which characterizes the characteristic linear dimension of the network cells. Near the percolation threshold, it follows a
power-law dependence:

R~WVi=Vy)" ", R=1/v 5)

where v = 0.85+0.05 is the critical exponent of the correlation radius for three-dimensional systems, and / is the lattice
period. Also shown are the tortuous (fractal) conductive trajectories arising from the irregular spatial distribution of
particles. The tortuosity defines the coefficient &, which together with the correlation exponent vinuv determines the
critical conductivity exponent:

1=¢+v, (6

where, for real composites, ¢ typically lies in the range 1.7 <¢<2.3, with £~ 1.2-1.4

As shown in Fig. 1, the backbone of the infinite cluster represents a fractal network of conductive channels through
which the current flows along the longest and most well-connected trajectories. The higher the dispersity of the particles
(nanoparticles — greater tortuosity), the larger the contribution of path length to the critical exponent ttt, which reduces
the efficiency of the conductive network when the filler content only slightly exceeds the percolation threshold [33].

Based on the proposed model, it has been established that when the wire elements forming the BC skeleton exhibit
curvature (Fig. 2, while the distance between their intersection points remains equal to R), the critical exponent of
electrical conductivity ¢ exceeds 1.7.
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Figure 2. Topology of the Infinite Cluster Skeleton with Curved
(Tortuous) Elements

In Figure 2, a representative topological model of the infinite-cluster skeleton formed in composite systems near the
percolation threshold is presented. The cluster geometry consists of a sequence of tortuous conducting branches with local
widenings and narrow constrictions, which together form the primary framework of the transport network. The
characteristic correlation scale R defines the average distance between structurally stable nodes that participate in
transmitting flux or electrical current, whereas the quantity Z denotes the direction of the local gradient propagating along
a skeleton branch. The critical conductivity exponent ¢ is determined by Eq. (6) as the sum of the index &, which accounts
for the tortuosity of the conducting filaments, and the correlation-radius index v. The length of a filament between two
intersection points, Z (Fig. 2), is expressed via § as

Z=1/(V; = Vp)s, (7
and the ratio of Z to R,
L (-, ®)

characterizes how many times the skeleton length exceeds R due to the tortuosity of its branches.

The skeleton structure exhibits fractal properties, which is reflected in the values of the fractal dimension Dy~ 2.4-
2.6 for three-dimensional systems and in the increased tortuosity of the transport trajectories (z =~ 1.5-4). The presence of
local broadenings and nonuniformly distributed nodes leads to variations in the local connectivity density within the
cluster, which in turn affects the effective transport parameters, including electrical conductivity, diffusion, and heat
transfer. Such a configuration is characteristic of systems operating in the regime of critical percolation and determines
the key features of the macroscopic behavior of the material.

The infinite cluster consists of the backbone and dangling ends [31]. A point is considered to belong to the backbone
of the infinite cluster (Fig. 3) if at least two independent paths originate from it, allowing one to reach an infinite distance
(point C).

Figure 3. Fragment of the backbone of the infinite cluster with dangling
ends.

The fragment of the infinite-cluster backbone shown in Fig. 3 illustrates a typical topology of the conducting network
near and above the percolation threshold. The main current-carrying path is formed by the backbone portion of the
cluster—a continuous chain of interconnected conducting elements that ensures the macroscopic connectivity of the
system. Numerous branch-like “dangling ends” are attached to the backbone; although they do not participate in current
transport, they significantly affect the fractal and topological parameters of the infinite cluster. The backbone is
characterized by a linear size on the order of R~10?-10° nm, which corresponds to the scale of the correlation length &
near the percolation threshold V; & V,. The dangling ends have characteristic sizes z ~ 10-100 nm, and their volume
fraction in the immediate vicinity of the conduction threshold substantially exceeds that of the backbone bonds, which is
consistent with the percolation relations V% <« V,/"*[34].
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The fractal morphology of the backbone segment of the infinite cluster is directly reflected in the values of the
critical exponents that govern the conductivity behavior near the percolation threshold. For three-dimensional composite
systems, the following parameters are typical: the critical conductivity exponent lies in the range ¢ = 1.7-2.3, which is
consistent with the universal values for three-dimensional percolation systems. The fractal dimension of the current-
carrying backbone is dy = 1.6-1.8, whereas the fractal dimension of the branches that do not contribute to charge transport
(“dangling ends”) is somewhat higher and lies in the range d,.x~ 1.9-2.1. These values confirm that, near the percolation
threshold, the structure of the infinite cluster is strongly heterogeneous: the conducting backbone exhibits pronounced
tortuosity and reduced dimensionality, while the dangling ends form a more highly branched and spatially dense portion
of the cluster [35]. Such a topology determines the characteristic current-flow pathways in percolating composites and
strongly influences the magnitude of the macroscopic conductivity.

If only a single path extends from a given point to an infinite distance (for example, point D), that point is regarded
as belonging to a dangling end. The total value P(V:) accounts for all nodes of the infinite cluster, including both backbone
nodes and dangling ends. The backbone density Py, (V1), characterizes the fraction of nodes that belong specifically to
the backbone and is defined as

Py (V1) =v//V/, 9
where V;”is the volume fraction of the backbone of the infinite cluster. According to percolation theory, the ratio
Pu(V1)/P(V}) can be expressed as

Psi (V1) -
Bl = D = 1)@, (10)
where D is a numerical coefficient of order unity.
Figure 4 presents a comparison of the experimental data with the theoretical conductivity dependences (V) for
ceramic composites containing nanodispersed (curve 1) and microdispersed (curve 2) nickel.

lgo(Q'*m™)

Figure 4. Experimental and theoretical dependencies of electrical conductivity ¢ on the volume
fraction of Ni for composites containing micro- and nanoparticles

Both dependencies exhibit a characteristic percolation transition, accompanied by an abrupt increase in ¢ by several
orders of magnitude upon reaching the critical volume fraction of the conductive filler. Figure 4 also presents the
theoretical a(V:), curves calculated according to expressions (1) and (2). When applying the boundary conditions V: = 0
and V; = 1 these relations reduce to the following form [36,37]:

avi)= o2y, V>V, (11)

o Vi)= (=29 Vi<V, (12)

where o, and o, are the conductivities of the metallic particles and the dielectric matrix, respectively, Vi is the volume
fraction of the metallic filler, Vc is the percolation threshold, and t and q are the critical exponents characteristic of three-
dimensional percolation systems.

The critical volume fraction Vc of Ni particles for the studied composites were determined by differentiating the
dependence of lg o with respect to Vi (see the inset in Fig. 4). The critical exponent ¢ was evaluated by representing the
experimental data in the coordinates

Igo=fllg[(Vi=V/(1-V})]), (13)

For the composite containing Ni nanoparticles (curve 1), the percolation threshold is observed near V'~ (.10, which
is significantly lower than that of the material with Ni microparticles, where the critical concentration is V' = 0.21. The
earlier formation of the infinite cluster in the nanostructured composite indicates a denser and more efficient particle-to-
particle contact, as well as the emergence of extended, tunnel-connected chains that facilitate the development of a
conductive network at a lower fraction of the conducting phase. The saturation of conductivity at high filler concentrations
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(V' = 0.3) also differs: the nanocomposite exhibits a higher asymptotic value of o, corresponding to an increase in the
parameter o1 by more than an order of magnitude compared to the material containing micron-sized Ni particles. This
reflects the formation of a more highly branched and structurally compact skeleton of the infinite cluster, which ensures
efficient charge transport [38].

The inset in the graph (dlgo/dV:) illustrates differences in the width and amplitude of the derivative maxima,
indicating a sharper and narrower percolation transition in the composite containing nanoparticles and, consequently, a
more homogeneous distribution of conductive pathways. In the case of microparticles (curve 2), the transition is more
extended, which reflects a higher degree of structural disorder and a smaller number of effective interparticle contacts.

Agreement between the experimental and theoretical values (Fig. 4) is observed for both types of composites at
Vi> V. For V; < Vssuch correspondence is maintained only for the composites containing micro-sized Ni particles. The
origin of this discrepancy is discussed within the framework of the spatial-structural hierarchical model proposed
in [39,40] for polymer-based composites. To determine the topology of the infinite cluster, the previously introduced
percolation-theory expressions were employed. By applying the boundary condition at V; = 1, expressions (4), (8), and
(10) can be rewritten in the form:

-V
P (V) =D (14)
Z_ M7Vsyv-g
=l (15)
Psp(V1) _ 1=Vs) 2v-p)
PV D (Vl—VS) o (16)

The results indicate that the use of nanodispersed nickel leads to a significant reduction in the percolation threshold,
a more intensive formation of the conducting network, and a substantial increase in the ultimate conductivity o:. This
confirms the effectiveness of Ni nanoparticles as a highly efficient conductive filler for ceramic composites.

The values of P(V;) calculated from relation (14) approach unity as V; increases (see Tables 1 and 2), indicating the
gradual densification of the infinite cluster due to the attachment of isolated clusters as the system moves away from the
percolation threshold.

Table 1. Dependence of the parameters P(V;) V,'; Z/R ; ¥/’ and V;'" on the filler volume fraction ¥; for composites containing
nanodispersed Ni particles

no. Vi P(V1) A Z/R v/ v/
1 0.12 0.19 0.023 7.7 2.1-10°% 229-102
2 0.13 0.23 0.031 6.0 6.5-10° 3.09-10
3 0.16 0.33 0.052 4.0 4.1-10° 5.19-102
4 0.20 0.41 0.082 3.1 1.8-10° 8.19-10°
5 0.23 0.46 0.106 27 3.7-10° 1.02:10
6 03 0.54 0.163 2.1 1.2:107 1610
7 0.4 0.64 0.257 1.7 3.2:10 2.2-10°!
8 0.45 0.68 0307 1.6 6.0-10 2.4-10°!
9 0.5 0.72 0.360 1.5 8.9-102 2.7-10°!

Table 2. Dependence of the parameters P(V;) V,'; Z/R ; V' and V"’ on the filler volume fraction ¥; for composites containing
microdispersed Ni particles

no. Vi P(V1) v/ Z/R v/ v/
1 0.22 0.17 0.037 1.42 2.2:104 3.7:10?
2 0.25 0.30 0.075 127 4.6:104 7.4-10?
3 0.30 0.42 0.125 1.19 3.0-107 1.2:10°!
4 0.35 0.50 0.175 1.15 9.1-107 1.6:10"!
5 0.40 0.57 0.224 1.12 2.0-102 2.0-10""
6 0.45 0.62 0.279 1.10 3.6-102 2.4-10°"
7 0.5 0.66 0.334 1.08 6.0-102 2.7-10°

The volume fraction of the infinite cluster V7;, calculated using expression (3), represents only a small portion of V.
in the vicinity of the percolation threshold. The values of Z/R, obtained from formula (15) in the threshold region,

indicate a high tortuosity of the infinite cluster; the critical correlation-length exponent v was taken as 0.85, whereas the
tortuosity exponent & was determined from expression (5). Using formula (16) for Py (V) and relation (7), the volume
fractions of the backbone ¥,” and dangling ends V;”/ = V;” - V/ of the infinite cluster were evaluated. As follows from
Tables 1 and 2, the volume fraction of the backbone near the percolation threshold constitutes only a small portion of the
cluster, whereas the majority of nodes belong to the dangling ends.
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Figure 5 shows the logarithmic dependence of the electrical conductivity for composite samples with Ni in the range
Vi<Vi<V,~0.5, containing Ni microparticles (curve 1) and nanoparticles (curve 2). The plot is constructed in the
coordinates of relation (13), which makes it possible to identify the linear region corresponding to the percolation
conduction regime.

14
1,9
Ig[(Ver)/] 'Vc)] 6
. . . 0~
zz;/rf’ 72 06 3
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Figure 5. Logarithmic dependence of the electrical conductivity for composites with Ni microparticles
(1) and nanopatrticles (2).

The linear-growth regions are well approximated by the power-law dependence
o=o1(Vi=Vy7, (17)

which is characteristic of three-dimensional composites.

For both materials, a distinct percolation transition is observed: upon reaching the critical concentration V the
electrical conductivity increases abruptly by several orders of magnitude. Linear extrapolation of the dependence to ;=1
made it possible to determine the value of ¢;, which reflects the conductivity of a fully formed infinite cluster. For the
composite filled with nickel nanoparticles, the obtained parameters are V,=0.105, ¢ = 2.2, and o,= 63 Q"-cm™". In the case
of the material containing micro-dispersed Ni particles, the critical concentration is V;=0.210, the critical conductivity
exponent is £ = 1.78, and the conductivity of the formed cluster is o; = 8 Q-cm™’

A comparative analysis of dependencies 1 and 2 shows that the introduction of nano-dispersed nickel results in an
almost twofold reduction of the percolation threshold, as well as in an increase of the parameter 61 by more than an order
of magnitude compared to the composite containing micro-sized Ni particles. This difference is attributed to the higher
degree of interparticle contact among the nanoparticles and the formation of a quasi-continuous tunneling pathway for
charge transport. The nanoscale filler forms a denser and more highly branched backbone of the infinite cluster, which
leads to a significant increase in macroscopic conductivity [41-43]. It is important to note that ¢, is not the conductivity
of individual metallic particles; instead, it characterizes the effective conductivity of the percolation cluster in the range
Vi< Vi<V,=0.5,1.e., the conductivity of a branched fractal network through which the dominant charge transport occurs.
The critical exponent g is taken as 1, which corresponds to three-dimensional percolation systems and agrees with
literature data. Analysis of the logarithmic dependences demonstrates that nano-dispersed Ni is significantly more
effective in forming a conductive network within the polymer matrix, ensuring higher composite conductivity at lower
filler content [44-47].

CONCLUSIONS

The study of the topology of the infinite cluster in polymer composites containing micro- and nanosized Ni particles
enabled quantitative determination of how particle size affects the parameters of the percolation transition and the
configuration of the conductive network. It has been established that the use of nano-dispersed nickel leads to a significant
reduction in the percolation threshold: for nanocomposites, the critical concentration is V. =~ 0.105, whereas for materials
with micro-dispersed Ni it reaches V=~0.21. This reflects more efficient interparticle contact among nanoparticles and
earlier formation of the infinite cluster.

The introduction of Ni nanoparticles enhances the efficiency of conductive network formation, providing an almost
twofold reduction of the percolation threshold, an increase of the parameter 61 by more than an order of magnitude, a
sharper and more localized percolation transition, and the development of an extended, coherent conductive structure at
a lower volume fraction of the metallic phase. The obtained dependences P(V}), &(V;) and Py(V;) demonstrate gradual
densification of the cluster with increasing concentration of the conducting phase, with rapid saturation of connections at
Vi~ 0.4-0.5. The topological parameters (correlation radius R, tortuosity exponent &, and the volume fractions V4 and
Vimk) are consistent with classical fractal percolation theory, and the adopted critical exponent v = 0.85 provides an
accurate description of cluster behavior near the threshold. At identical values of V; the density of the infinite cluster in
nanostructured systems is significantly higher, which accelerates the formation of a conductive network.

The structure of the infinite cluster exhibits pronounced fractal-hierarchical characteristics. The fractal dimension
of the skeletal part ranges from 1.6 to 1.8, whereas for the dead ends it ranges from 1.9 to 2.1, reflecting substantial
structural heterogeneity near the percolation threshold. The volume fraction of the dead ends significantly exceeds that of
the skeletal bonds: for example, at
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V1= 0.12 the skeletal fraction in the nanocomposite is only 0.023, while the fraction of dead ends exceeds 2-1073; for
the microcomposite at V;=0.22 the skeletal fraction is merely 0.037. Such a ratio V«<<V imk limits the transport efficiency
of the system in the immediate vicinity of the threshold.

The density of the infinite cluster, the correlation radius, and other topological parameters follow power-law scaling
characteristic of three-dimensional percolation. The critical conductivity exponents are 2.2 for nano-dispersed Ni and
1.78 for micro-dispersed Ni, which agree with universal values and confirm the influence of branch tortuosity on the
increase of 7 At high filler concentrations (¥ >0.3), nanostructuring leads to a substantial rise in the asymptotic
conductivity. The conductivity parameter of the skeleton reaches 63 Q-cm ™, for the nanocomposite and 8 Q7-cm™ for the
composite containing micro-sized Ni particles, corresponding to an increase by a factor of more than 7-8. This
enhancement is attributed to the formation, in nanocomposites, of a denser, more highly branched, and topologically
saturated structure of the infinite cluster.

The analysis indicates that incorporating Ni nanoparticles substantially enhances the efficiency of conductive
network formation in the composites. Their use leads to an almost twofold reduction in the percolation threshold, an
order-of-magnitude increase in the parameter o1, and the emergence of a sharper and more localized percolation transition.
In addition, Ni nanoparticles promote the development of a more extended and interconnected conductive network at
significantly lower metal filler contents. The results demonstrate the high effectiveness of Ni nanoparticles as a conductive
filler and provide a solid scientific basis for designing next-generation high-conductivity composites.
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TOIIOJIOTTYHI OCOBJIABOCTI ®OPMYBAHHS IMTPOBITHOI MEPEKI B METAJIOITIOJIMEPHHX
KOMITO3UTAX 3 PI3BHUMHU PO3MIPAMHA YACTHHOK HATIOBHIOBAYA
3apapmkon M. Xycanos!, ®axpinain T. Boiimyparos?, Capuop I'. Toiiuies!
!Kibepynieepcumem, Hypagwan, Y3bexucman
> Vuisepcumem Anvppazanyc, Tawxenm, Ysbexucman

Byno mociipKkeHo TOMOJIOT 0 HECKIHUCHHOTO KiacTepa B IMOJIMEPHHX KOMIIO3MTAX, IO MICTATh MIKpO- Ta HaHOYAaCTHHKH Ni, 110
JIO3BOJIMJIO KiJIbKiCHO OI[IHHUTH, SIK PO3MIip MPOBIAHNX YaCTUHOK BILUTHBAE HA MEPKOJIAIIIMHUI TepeXia Ta CTPYKTYpPY IPOBiTHOT MEPEKi.
Buxopucranus HaHOpo3MipHOTO Ni 3HWKYE KPUTHYHY KOHIeHTpawito 10 Vs = 0,105 mopiBasHO 3 Vs = 0,21 11 MIKPOYaCTHHOK,
30ibIIye mapaMeTp o1 OUTBII HIK Ha MOPSATOK Ta HMPH3BOAUTH A0 Pi3KIMIOro, OULIBII JIOKANi30BAaHOTO NMEPKOJLIIHOTO MEepexoxy.
Krnactepna cTpykTypa AEMOHCTpPYE BHpPaKEHI ()pakTanbHO-iepapXidHi O0COONMBOCTI: ()pakTanbHa PO3MIPHICTE OCTOBA CTaHOBHUTH
1,6-1,8, a 3Bucarounx kiHmiB — 1,9-2,1. Il{ineHicTh KJIacTepiB, pajiiyc KOPESIii Ta TOMOIOTIUHI TapaMeTpH BiIOBIAaIOTh CTEIEHEBUM
CIIBBiJJHOLICHHSM, THIIOBUM Ul TpuBuUMipHOi nepkoisiuii (v = 0,85). Ilpu Bucokux KoHneHTpauisx mnpoinHoi dasu (V > 0,3)
ACHMIITOTHYHA IPOBiIHICTH nocsrae 63 Q7':cM™' y HaHOKOMIO3WTaX NOPIBHAHO 3 8 Q7':cM™' mius MarepiayiB Ha OCHOBI
MiKpodacTHHOK. LIi pesysibpTaTd MiATBEPIKYIOTH BHCOKY €()EKTHBHICTE HAHOYACTMHOK HIKeN0 y (OPMyBaHHI MPOTSHKHOL,
B3a€EMOIIOB'3aHOI Ta PO3TATyKEHOI MPOBITHOI Mepexi, 110 3abe3neyye OCHOBY JJIsI BHCOKOMPOBIIHMX KOMITO3HMTIB HACTYITHOTO
MTOKOJTiHHSL.

KutouoBi ci10Ba: nonimepHi KoMno3umu, HAHOYACMUHKY HIKENH, MIKPOYACMUHKY, HECKIHYEHHUl Kiacmep, NpogioHd Mepejcd;
ACUMNMOMUYHA NPOGIOHICMb, MONONIOSIYHI NApaAMempu,; MPUBUMIPHA NEPKOTAYIs



