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ABSTRACT

Background. The increase in electromagnetic pollution requires the creation of new
materials that can effectively shield radiation and mitigate its negative impact. Special
attention is focused on composite materials due to their ability to absorb or scatter radiation.
Rayleigh theory makes it possible to predict the intensity of scattered radiation by dispersed
media in the case when the particle sizes are much smaller than the wavelength.
Considering the possibility of nanoparticle aggregation due to stochastic processes can
increase the prediction efficiency.

Model and Implementation Tools. The proposed nanocomposite model has the shape
of a cube in which spherical particles of the same radius and volume are randomly arranged.
The formation of agglomerates occurred when the distance between the centers of
neighboring particles did not exceed their diameter. Additionally, the interaction of particles
at a small distance between them, which causes their mutual attraction, was considered.
Numerical experiments were implemented in Python using NumPYy libraries for vectorized
computations and cKDTree for efficient spatial neighbor search.

Results and Discussion. The average values of the number of filler particles of different
volumes formed as a result of random aggregation were determined in the range of filler
concentrations of 0.1-7% using computational experiments. It was found that the
percentage of isolated initial nanoparticles decreases with increasing filler concentration.
The largest number of formations contains only two nanoparticles. It was established that
the scattering of electromagnetic waves in the IR and radio frequency ranges increases due
to the aggregation of nanoparticles. The size and concentration of the initial nanoparticles
have different effects on the change in the scattering cross-section. The mutual attraction
and coupling of closely spaced particles additionally increase the Rayleigh scattering by
dispersed media.

Conclusions. An averaged distribution of the formed agglomerates in a system of
spherical nanoparticles by their volume was found as a result of a series of computational
experiments. Based on Rayleigh theory, it has been demonstrated that the aggregation of
nanoparticles causes an increase in the scattering of electromagnetic waves by dispersed
media.

Keywords: Modeling, numerical experiment, dispersed medium, nanoparticle
aggregation, Rayleigh scattering.

INTRODUCTION

The widespread application of wireless communication technologies and the
ubiquitous use of electronic devices are not only significantly changing our society but also
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causing an increase in electromagnetic pollution and potential health hazards. Besides,
increasing electromagnetic interference can degrade the performance of various electronic
devices. Control over growing electromagnetic interference requires the creation of new
materials that can effectively shield radiation and mitigate its negative impact, while taking
into account other technological demands such as high strength-to-weight ratio, flexibility,
corrosion resistance, etc. [1-3]. As a result, composite radiation-absorbing materials
(RAMs) have become the focus of much research due to their ability to absorb or scatter
electromagnetic waves, providing a variety of functionalities [4-6]. In particular, RAMs are
used to prevent electromagnetic radiation leakage in medical equipment, to develop
radiation-protective clothing, to ensure the compatibility of electronic devices with respect
to electromagnetic interference, to improve the performance of communication systems,
and to mask objects in the microwave and infrared ranges in military applications.

Typically, composite RAMs are produced by dispersing one or more types of absor-
bent fillers in a polymer matrix. Fillers have dielectric and magnetic losses, the frequency
dependence of which is responsible for the effectiveness of the composite in absorbing
and/or scattering electromagnetic waves. An additional advantage of composite RAMs is
the close relationship between their structural and functional characteristics, which allows
for tuning of electromagnetic interference shielding in the required frequency range by
choosing the polymer matrix and filler type. The main attention of researchers is focused
on radiation-absorbing fillers such as carbon black, graphene, carbon fibers and nanotu-
bes, as well as materials with high dielectric permittivity (oxides, titanates, etc.) and
magnetic permeability (ferrites and magnetodielectrics) [7-10]. To further improve the
shielding characteristics of radiation-adsorbing composites, the influence of the structure
and morphology of the filler on the properties of radiation attenuation is being extensively
studied [11, 12]. Electromagnetic wave scattering by such composite materials also
requires additional research.

Computational methods are usually used to elucidate the mechanisms of interaction
of composite materials with radiation [13-15]. Most theoretical research has focused on
determining the effective properties of disordered composites from first principles, which
requires significant computational resources. Mie theory and Rayleigh theory for the case
where particle sizes are much smaller than the wavelength make it possible to predict the
intensity of scattered radiation by dispersed media. Considering the possibility of
nanoparticle aggregation due to stochastic processes can increase the forecasting
effectiveness. Therefore, the purpose of the work was to find the features of
electromagnetic wave scattering by disordered composites with one type of filler based on
computer simulation of a system of spherical nanoparticles in a host matrix.

MODEL DESIGN

A model of a nanocomposite volume element in the shape of a cube with edge length
a, in which spherical particles of the same radius Ry and volume V, are randomly arranged,
is proposed in the paper. The dimensions of the cube are two to three orders of magnitude
larger than the dimensions of the filler nanoparticles. For clarity, the model investigated in
the work corresponds to a nanocomposite film with a thickness of 5 um and a radius of filler
nanoparticles in the range of 5—100 nm, which is consistent with the case of scattering of
radiation in the IR or radio frequency ranges by a thin composite coating. The model can
be applied when the wavelength is at least an order of magnitude larger than the particle
size. The number of nanoparticles No with radius Ro in the considered element is
determined by the volume concentration of the filler Cy as

Cyad

Ny = S (1)
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The position of each nanoparticle in the volume element is set randomly. Their
aggregation into larger agglomerates was carried out similarly to the formation of
percolation clusters in the nanotube system [16]. In the case when the distance d between
the centers of neighboring nanoparticles does not exceed 2Ro, the model assumes their
aggregation into a larger structure, as shown in Fig. 1. The nanoparticles were moved apart
by a distance of double the radius for the case d < 2Ro to avoid overlapping of the initial
nanoparticles and a decrease in the volume of the formed agglomerate. As a result, the
volume of the agglomerate formed by the aggregation of k spherical components was kVo.

The parameter & was additionally introduced to take into account the interatomic
and/or intermolecular interaction of nanoparticles (van der Waals forces). In this case, the
nanoparticles were attracted to each other under the condition d < 2Ro+d. The parameter
0 value was in the range from 0.5 to 4 nm, which corresponds to the distances characteristic
of van der Waals interactions.

A set of computational experiments was carried out for each value of concentration
Cv in the 0.1-7% range and the radius Ro of the nanoparticles in the range of 5-100 nm.
As aresult, the averaged distribution of the formed filler particles by their volume was found.
The total number of initial nanoparticles in the volume element was in the 102-108 range
and depended on their size and concentration. The effect of nanoparticle aggregation on
the scattering of electromagnetic waves was investigated using the expression for Rayleigh
scattering by dispersed media

2473V < n? —nZ, >2 2
0y = .
1% nf + 2nh,

Here, 0o is the scattering cross-section, v is the number of particles with the volume Vo in
a unit volume, A is the wavelength, nr and np, are the refractive indices of the filler material
and the host matrix, respectively. Given that the total number of initial nanoparticles in the
volume element for the chosen concentration Cy and radius Ro does not change, the
change in the Rayleigh scattering cross-section due to random aggregation of
nanoparticles will be determined by the expression

g _ iz N, k?, (3)
oo Np =

where Ny is the number of particles formed as a result of the aggregation of k initial
nanoparticles of volume Vo.
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Fig. 1. Schematic representation of the composite material model taking into account nanoparticle aggregation.
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IMPLEMENTATION TOOLS

The numerical experiments were implemented in Python using open-source scientific
libraries such as NumPy for vectorized computations and SciPy’s cKDTree for efficient
spatial neighbor searches. Particle positions were generated with NumPy’s random module
and iteratively adjusted through custom overlap-resolution routines that operate on NumPy
arrays. The cKDTree structure from SciPy was used to rapidly identify particle pairs within
specified distance thresholds during each relaxation step. Cluster detection was performed
through a Python implementation of the Union—Find algorithm, applied to neighbor pairs
returned by cKDTree queries.

All simulations were executed over multiple concentration values and Monte-Carlo
trials within a single Python workflow, producing cluster-size statistics for each scenario.

RESULTS AND DISCUSSION

The average values of the number of filler particles of different volumes formed because
of random aggregation were determined through computational experiments. As can be seen
in Fig. 2, the vast majority of the initial nanoparticles do not combine into larger aggregates
and remain isolated for the investigated range of filler concentration. The fraction of isolated
nanoparticles of volume Vo is maximum (about 99.8%) for a concentration of 0.1% and
decreases to 86.0% when the filler concentration increases to 7%. Conversely, the
percentage of formed aggregates with a volume of 2Vo was increased from 0.2 to 10.3% with
increasing filler concentration in the range of 0.1—7%. A similar trend was observed for
particles with volumes of 3Vo, 4 Vo, etc. Moreover, their share in the distribution decreased
exponentially with increasing volume of formations. The percentage of particles with a volume
exceeding 7 Vo was less than 0.1% even for the maximum filler concentration within the study.
It should be noted that the size of the initial nanoparticles had almost no effect on the
distribution of the formed aggregates by their volume.

The found distribution of the number of formed filler particles by their volume made it
possible to study the effect of random aggregation of the initial nanoparticles on the proces-
ses of Rayleigh scattering of electromagnetic waves by dispersed media using expression
(3). Fig. 3 shows the dependence of the ratio /00 on the concentration Cy of the filler.

It has been established that the scattering of electromagnetic waves increases signifi-
cantly due to the aggregation of nanoparticles. In particular, the ratio a/oo is exponentially
increased with increasing nanoparticle concentration, which is associated with a greater
number of larger formations. For a 7% concentration of nanoparticles in the host matrix,
Rayleigh scattering increased by almost 1.5 times. A perceptible effect of the size of the
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Fig 2. Particle volume distribution for different values of the radius Ry of the initial nanoparticles (a) and the filler
concentration Cy (b).
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Fig 3. The dependence of the ratio a/a, on the filler concentration Cy for different values of the radius Ry of the
initial nanoparticles: 5 nm (1), 25 nm (2), 50 nm (3), 75 nm (4), and 100 nm (5).
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initial nanoparticles on the aggregation-induced increase in the scattering of electromagnetic
waves were observed only at a significant filler concentration. The dependencies of the ratio
o/oo of the scattering cross-section on the radius Ro of the initial nanoparticles for their various
concentrations, shown in Fig. 4, confirm this trend. In the concentration range of 0.1-1%, no
change in the value of the o/oo ratio was observed with increasing nanoparticle size, which
is probably due to the small number of aggregated nanoparticles. Higher filler concentrations
result in an almost linear increase in the intensity of scattered radiation with increasing Ro
compared to the case where all nanoparticles were isolated.

Consideration of the possibility of interaction of particles at a short distance between
them (2Ro < d < 2Ro+d), which causes their mutual attraction and the formation of larger
agglomerates, is an important aspect of studying the influence of particle aggregation on
the scattering of electromagnetic waves by dispersed systems. Fig.5 shows the
dependencies of the ratio a/oo of the scattering cross-sections on the parameter 6, which
determines the limiting distance of interaction between particles.

An increase in Rayleigh scattering due to the coupling of closely spaced particles was
found. In particular, an increase in the limiting distance of nanoparticle interaction leads to
a greater number of agglomerates and, as a consequence, an increase in the ratio o/0o. In
addition, the obtained dependencies are more influenced by the concentration of
nanoparticles than by their radius.
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Fig. 4. Dependence of the ratio o/oy on the radius R, of the initial nanoparticles for different values of the filler
concentration Cy: 0.1% (1), 0.5% (2), 1% (3), 2% (4), 3% (5), 4% (6), 5% (7), 6% (8), and 7% (9).
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Fig 5. Dependence of the ratio a/g, on the limiting particle interaction distance 6 for different values of the radius
R, of the initial nanoparticles: 5 nm (1,2,3), 50 nm (4,5,6), and 100 nm (7,8,9). Curves (1,4,7), (2,5,8), and

(3,6,9) related to Cy filler concentrations of 0.5, 1, and 5%, respectively.

CONCLUSION

In the work, the features of random aggregation of spherical nanoparticles in a
dispersed medium were studied using computer simulation. As a result of computational
experiments, an average distribution of the formed agglomerates by their volume was
determined. It was established that the percentage of isolated initial nanoparticles
decreases when the filler concentration increases. The formed agglomerates demonstrate
the opposite trend. In addition, the share of the agglomerates in the distribution decreased
according to an exponential law when their volume was increased. The radius of the initial
nanoparticles has a weak effect on the distribution of the agglomerates by their volume.

Based on the numerical experiment, it was established that the scattering cross-
section of electromagnetic waves in the IR and radio frequency ranges increases due to
the aggregation of nanoparticles. Besides, the filler concentration has a greater effect on
the aggregation-induced change in Rayleigh scattering than the radius of the initial
nanoparticles. Conglutination of closely spaced particles additionally increases the
radiation scattering by hanocomposites.
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KOMITIOTEPHE MOAENOBAHHA PO3CIFOBAHHA EJIEKTPOMATIHITHUX
XBUITb HAHOKOMMNO3UTAMU 3 YPAXYBAHHAM E®EKTY ArPEr'YBAHHA

lzop Onenuy* ©Q, Onez Cinbkesuy ©Q, FOpiti OneHuy 0O,
OneHa AkcimeHmbega 0 Q

JibsiecbKuli HayioHanbHUl yHieepcumem iMeHi IsaHa ®paHka,

8yn. [ipazomaHoesa 50, 79005 m. Jibeie, YkpaiHa

AHOTALIA

Betyn. 306inbweHHs enekTpomarHiTHoro 3abpyaHeHHst notpebye CTBOpPEHHS HOBWX
marepianis, AKi MOXyTb €(PeKTMBHO eKpaHyBaTW BUNPOMIHIOBAHHA Ta MOM SAKWyBaTW MOro
HeratuBHuin BnnmB. OcobnvBa yBara [JOCMIOHMKIB 30cepeXeHa Ha KOMMO3UTHUX
MaTepianax, 3aBAsiku iX 30aTHOCTI nornMHaTM abo pos3ciloBaTV enekTpoMarHiTHI XBuUni.
Teopia Penea pgae 3mory nporHo3yBaTW iHTEHCUBHICTb PO3CISHOrO AMCNEepPCHUMU
cepefoByLIaMM BUNPOMIHIOBAHHS Y BUNaAKy, KOMM PO3Mipy YacTMHOK 3Ha4YHO MeHLi Big
OOBXVWHU  XxBWUMi. BpaxyBaHHSI MOXNMBOCTI arperyBaHHsi HaHOYaCTUHOK BHACNILOK
CTOXaCTUYHMX NPOLIECIB MOXE NIABULLMTY €PEeKTUBHICTb NPOrHO3yBaHHS.

Mopenb i 3acobu peanisauii. 3anponoHoBaHa Mogenb HAHOKOMMO3NUTY Mae hopMy
Ky0a, B AKOMY XaOTU4HO PO3TaLLUOBaHi CHEePUYHi YaCTUHKM OAHAKOBOrO pagiyca Ta ob'emy.
YTBOpEHHS arnomeparis BigbyBanocs Konu BiACTaHb MiX LleHTpamu CyCiaHiX YaCTUHOK He
nepeBuLLyBana ixHboro AgiameTtpa. [logaTkoBo Oyno BpaxoBaHO B3aEMOZi0 YaCTMHOK Ha
HeBenukin BigCTaHi MK HMMK, £Ka 3YMOBMIOE iX B3aEMHe MpuTdaraHHsa. Yucnosi
eKkcnepuMeHTu Oynu peani3oBaHi Ha Python 3 BukopuctanHam 6ibniotek NumPy ans
BEKTOpM30BaHux obuncneHb Ta cKDTree anst epekTMBHOro NOLLYyKy NPOCTOPOBUX CYCIAiB.

PesynbTtaTtn. CepeaHi 3Ha4YeHHS KinbKOCTi YaCTUHOK HanOBHIOBaYa pPi3HOro ob’emy, wo
yTBOPUNUCS B pe3ynbTaTi BWNaAKOBOrO arperyBaHHs, Oynu Bu3HayeHi y pgianasoHi
KOHLIeHTpauin HanoBHioBada 0,1-7% 3a OOMOMOrow OGYMCNIOBANBbHUX EKCMEPUMEHTIB.
BusBneHo, Lo BiACOTOK i30NbOBAHMX BUXIAHUX HAHOYACTUHOK 3MEHLUYETLCA 3i 36inbLUeH-
HSIM KOHLIeHTpaLii HanoBHOBa4a, a HanbinbLua KinbKiCTb YTBOPEHb MICTUTL NuLIe OB Ha-
HoYacTuHKU. BcTaHoOBNEHO, WO pO3CiloBaHHA enekTpomarHiTHUX xsune B 14 Ta pagiovac-
TOTHOMY Aiana3oHax 3poCcTae 3a paxyHOK arperyBaHHsi HAaHO4YacTUHOK. Po3mip i KOHUeH-
Tpauis BUXiAHMX HAHOYACTMHOK MatloTb PI3HUA BNAMB Ha 3MiHY nepepidy pPO3CiloBaHHS.
B3aemHe npuTdaraHHs i 3’egHaHHA G6NM3bKO PO3MILLEHMX YACTUHOK OOOATKOBO NiABULLYE
PO3CitoBaHHA €NeKTPOMarHiTHUX XBUib OUCNEPCHUMU cepeaoBuLLaMM.

BucHoBKW. Y pe3ynbTaTi cepii 0buncnioBanbHMX eKCnepuMeHTiB 3HalaeHo ycepeaHe-
HWI PO3MOAIN YTBOPEHUX arnomeparTiB y CUcCTeMi CHepUYHNX HAHOYaCTUHOK 3a ix 06’eMoM.
Ha ocHoBi Teopii Penes npogeMoHCTpoOBaHoO, WO arperyBaHHs HaHOYaCTUHOK 3YMOBIIHOE
36inbLUEHHSI PO3CilOBaHHSI NeKTPOMarHiTHUX XBUMb AUCNEPCHUMU CEPEAOBMLLAMM.

Knroyoei cnoea: MoaenioBaHHs, YACMOBUIA EKCMIEPUMEHT, AMUCTepCHe cepenosuliie,
arperyBaHHsl HaHO4aCTUHOK, po3citoBaHHs Penes.
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