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A pressing issue in materials science is the controlled application of ceramic composite materials at high
temperatures in modern technologies, particularly in nuclear physics, atomic energy, aerospace, and rocket
engineering. This study investigates the correlation between the thermal conductivity of synthesized ZrB>—C
ceramic composites and their microstructural features using fractal analysis. The composites were produced via
high-temperature reactive synthesis from boron and zirconium carbide powders. Scanning electron microscopy
(SEM) and backscattered electron (BSE) modes was used to obtain micrographs of the fracture surfaces. These
images were analyzed using the Box Counting method with ImageJ and FracLac software to determine two fractal
parameters: fractal dimension and lacunarity. A strong inverse correlation was observed between lacunarity and
thermal conductivity. The study demonstrates that fractal analysis, particularly the lacunarity parameter, can serve
as a useful tool for assessing heat transfer potential in two-phase ceramic composites, especially when conventional

measurement methods are impractical.
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Introduction

Establishing the relationship between the structure of
a material and its physical properties is a key challenge in
materials science. A material with the same chemical
composition, but differing in grain size, pronounced
anisotropy, porosity, and other structural features, can
exhibit significantly different optical and mechanical
properties [1].

For composite materials consisting of two or more
phases that undergo transformations during chemical
reactions, the number of possible structural configurations
increases significantly. In addition, such materials may be
subjected to mechanical, thermal, and radiation-induced
stresses. In this case, establishing a correlation between
the microstructure and the macroscopic properties of the
material becomes even more complex, requiring the
application of alternative research methods. For example,
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in nuclear power engineering, this includes techniques for
monitoring the parameters of reactor cladding
materials [2]. This is particularly relevant for the
measurement and characterization of the thermal
conductivity of composite materials used in nuclear
applications.

Experimental objects often exhibit irregular local
structures and certain self-similar (automodel) properties.
In specific cases, it is possible to describe the structure of
a material in a mathematically averaged manner using
fractal analysis of microscopic images[3]. A key
characteristic of fractals that enables a quantitative
assessment of their complexity is the fractal dimension, D.
This parameter reflects the irregularity and non-standard
shape contours of the structure. For two-dimensional
images, D typically ranges between 1 and 2, with more
complex patterns corresponding to higher values of D.
This makes fractal dimension a valuable tool in various
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scientific and applied studies [4-5], particularly for
texture defect monitoring [3].

Within the framework of fractal analysis, lacunarity L
has also been identified as an important structural
parameter. It characterizes how densely a fractal fills
space and reflects the degree of structural
heterogeneity [6—7].

For a common type of disordered two-phase
composites several attempts have been made to predict the
thermal conductivity of such materials as a function of
filler content. In particular, approaches have been
proposed that explain the thermal conductivity of
composites in terms of the fractal geometry of the
conductive phase embedded within the matrix
material [8]. However, the influence of the geometric
microstructure of the thermally conductive phase — which
governs heat transfer in two-phase composites — remains
a complex and insufficiently studied issue for disordered
systems. Therefore, there is a pressing need to develop an
effective method for determining thermal conductivity as
a function not only of the filler content, but also of the
geometrical microstructure of the dispersed phase. In this
context, a quantitative assessment of the geometric
characteristics of the second phase plays a crucial role in
explaining the thermal conductivity behaviour of the
composite.

The characterization of composite materials under
various manufacturing or operational conditions requires
standardized imaging of samples, calculation of their
fractal parameters, and correlation of these parameters
with technologically important physical properties.

In [9], a quantitative fractal analysis was performed
on the grain boundaries of the microstructure of steel used
in oxygen cylinders with service lifetimes ranging from 18
to 55 years. The obtained values of the fractal dimension
ranged from 1.10 to 1.14. High non-linear correlations
(with a maximum) were observed between the fractal
dimension and impact toughness, destructive pressure
during hydrotesting, and the conditional yield strength.

In [2], the task of real-time automated monitoring of
the hermeticity of fuel element cladding in nuclear reactor
assemblies was addressed. The authors proposed a method
for assessing the surface quality of the cladding material
and detecting failure of the fuel element based on the
fractal dimension of damage and fracture defects on the
surface of the cladding.

As a result of high-temperature chemical reactions
between the initial components of a composite, a new
phase may form. For example, in cast irons used for
producing castings, the interaction of silicon with carbon
monoxide during solidification leads to the formation of
silicon monoxide and graphite crystals. Graphite
formation typically occurs at the phase boundary. A
review of the literature allows for the following
conclusions:

Graphite inclusions in materials synthesized through
high-temperature reactions exhibit a wide variety of
morphologies — from regular spherical shapes to branched
dendrites composed of thin flakes. The morphology of
graphite depends significantly on the conditions of
synthesis and processing, such as chemical composition,
pressure, cooling rate, and even the shape of the mold used
for the sample [10-11];
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The shape of graphite inclusions can be used to
predict the macroscopic properties of the material, such as
impact resistance, vibration damping capacity, and
thermal conductivity [12];

This conclusion is also supported by three-
dimensional numerical models that establish the
relationship ~ between  microstructure and  the

thermomechanical behavior of materials [13—14].

Fractal models of thermal conductivity primarily
focus on porous media [13—-14]. However, it can be
assumed that a similar approach could be applicable to
multiphase composite ceramics in which the constituent
phases exhibit significant differences in thermal
conductivity. From this perspective, fractal analysis of the
resulting material structures may serve as a useful tool for
evaluating key material properties — such as thermal
conductivity especially when the thermal
conductivities of the individual phases differ substantially.

One of the most promising materials in nuclear
physics, nuclear energy, and aerospace and rocket
engineering is zirconium diboride (ZrB») due to its high
melting point, oxidation and thermal shock resistance,
thermal conductivity, and relatively low density (which
helps reduce the weight of structural components) [15—
16]. Experimental data indicate that the thermal
conductivity of ZrB, at room temperature ranges from
56W/(m-K) to 133W/(m-K), depending on the presence of
microimpurities [17]. For zirconium carbide (ZrC), the
thermal conductivity ranges from 11.6W/(m-K) to
25W/(m-'K), influenced by factors such as material
density, the concentration of carbon vacancies, and
impurities [18]. For graphite, thermal conductivity lies
approximately in the range of 119-165 W/(m-K) and can
vary significantly depending on the crystallographic
direction [19]. In the case of boron carbide (B4C), values
typically fall between 100W/(m-K) and 125W/(m-K) [20].
These data demonstrate a strong dependence of thermal
conductivity on impurity concentration, with values
potentially varying by a factor of two. Therefore, the
search for correlations between the structural-phase
composition and operational thermophysical properties is
a highly relevant task for such composite materials [21].
To the best of our knowledge, a fractal analysis of a ZrB,—
graphite-based composite has not yet been conducted.

The aim of this work is to investigate the influence of
the microstructure of the ZrB,—C ceramic composite,
obtained by high-temperature reactive synthesis from
boron and zirconium carbide powders, on the thermal
conductivity coefficient using fractal analysis methods.

I. Materials and methods

1.1. Sample preparation methodology using
powder metallurgy techniques
Composite material samples were produced from a
mixture of boron and zirconium carbide powders by the
method of reactive hot pressing, as described in [22]. As
starting materials, powders from two institutions were
used: ZrC (99% purity with an average grain size of 5 um)
and B,C (98.5% purity with an average grain size of
20 um) — from the Donetsk Reactive Factory (Ukraine);
and B4C (99.5% purity with a mean grain size of 2 pm) —
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from Sigma Aldrich (USA). Thus, the initial composition
differed only in the type of B4,C — two types of boron
carbide were used, with different levels of purity and
different powder grain sizes.

The ratio of compounds in the starting powders was
calculated based on the main solid-state chemical reaction
in such a way that, in the resulting samples, the
components would fully react (x=2)

xZrCyg + B,C — 2ZrB, + (x — 2)ZrC + 2.6C,
ZZTCO.S + B4C = ZTBZ + 2-6C.

As a result, four types of composite ceramics were
obtained. The fabrication conditions for the composite
materials from the initial mixture differed only slightly:
under the general conditions of reactive synthesis, the
powders were sintered at a temperature of 1900°C for
4-8 minutes under a pressing pressure of 30 MPa.
A detailed description and the exact fabrication
technology of the composite materials are not disclosed
due to patent-related considerations.

The thermal conductivity coefficient (hereafter
referred to as k) was measured using the method described
in [23], at room temperature, with the following results:
sample Nel — £=43.3+1W/(m'K), sample Ne2 —
k=71.7+5 W/(m-K), sample Ne 3 — k=41+1 W/(m-K),
sample Ne 4 — k= 67.5 £ 5 W/(m-K). Microimages of the
samples and the thermal conductivity data were provided
by Dr. Oleksii Popov (Institute of Applied Physics, Sumy,
Ukraine; Institute of Materials Research, University of
Huddersfield, UK).

Sample fragments were obtained from the ZrB,—C
ceramic composites by a hummer impact, and the fracture
surfaces of these samples were examined using scanning
electron microscopy (SEM). Microimages of the surface
structure were acquired using a Tescan Vega3 microscope
(Czech Republic) in two modes:

1) secondary Electron (SE) mode (SEM — Scanning
Electron Microscope), which provides high-resolution
images of the sample surface and is sensitive to surface
topography;

2) backscattered Electron (BSE) mode (BSEM -
Backscattered Electron-Scanning Electron Microscope),
which provides information about the atomic composition
of the surface, as the elastic backscattering of electrons
depends on the atomic mass of the material.

1.2. Image Processing Methodology

The obtained microimages were analyzed at various
magnifications using the ImageJ software and the
FracLac plugin, applying the Box Counting method with
default settings. This method involves counting the
number of squares N of side length r required to cover the
contours of shapes in the image after it has been converted
to black and white (binarization); N is expressed as a
function of r. The slope of the logarithmic dependence
between N and r represents the fractal dimension D of the
image. The greater the value of D (ranging from 1 to 2 for
a 2D plane), the more complex the image pattern and the
more it deviates from a simple geometric figure.

Although this method yields fractal dimension values
that may deviate from those of ideal figures (such as a line
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or a circle), for which the exact mathematical values are
known, it is nonetheless suitable for evaluating real
complex physical objects [24, 25].

Identical values of the fractal dimension do not
necessarily indicate similarity in image patterns.
Therefore, an additional parameter for evaluating the
microphotographs, also determined using the FracLac
plugin, was lacunarity (L). This metric allows for
assessing the heterogeneity of void (lacuna) distribution in
the material’s texture. A low lacunarity value indicates a
more uniform distribution of voids, while a high value
suggests the presence of larger voids and/or uneven
localization.

The L parameter for real objects is scale-dependent,
since at lower magnification the surface appears more
homogeneous. In such cases, the L value may vary
significantly more than the fractal dimension D [24-25].
Thus, fractal analysis was performed by comparing the
images of the samples at the same magnification scale.

The statistical error for the fractal dimension D was
determined automatically by the software as the standard
deviation, while the error for lacunarity L was calculated
separately within a 95% confidence interval based on the
number of values obtained. The multiple correlation
coefficient R? was approximately 0.99 for both
parameters.

In total, images of four composite material samples
were analyzed. These differed in manufacturing
conditions and in the imaging modes used — SE and BSE.
The thermal conductivity coefficient k£ of the ZrB,—C
composite material was compared with the calculated
fractal parameters D and L, which reflect the
microstructure of the respective sample.

II. Results

2.1. Visual Description of Sample Images

The microimages of the composite samples differed
visually from one another (Figs. 1-2 and 4 at 10 pum scale,
and Fig. 3 at 5 pm scale). In the SE images, the main grains
of the ZrB, matrix appear in gray and light-gray shades,
graphite is visible as dark areas between the matrix grains
or as small dark rounded inclusions on the matrix grains.
In the BSE images, the main ZrB, matrix appears in a
light-gray shade, while the dark phase indicates the
presence of graphite. Compared to SE images, BSE
images exhibit significantly less grayscale gradient, i.e.,
they appear more uniformly shaded.

In the SE images, bright (light) rims are sometimes
visible at the boundaries of some matrix grains,
corresponding to zones where thin graphite flakes have
segregated. These inclusions are not visible in the BSE
images due to the small thickness of the graphite flakes
and the characteristics of the imaging mode.

Let us consider the image of Sample Nel
(magnification 10kx in Fig. 1). In the SE images, the ZrB,
matrix grains can be seen to vary in size (from 1.5 to 9 um)
and shape. Some grains appear as conglomerates (large
agglomerations). The SE images also show slightly
brighter (white) rims of graphite at the boundaries of these
conglomerates, possibly indicating the segregation of thin
graphite flakes [11]. The thickness of these bright rims is
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Fig. 1. Microimage of the fracture surface of Sample Nel at 10kx magnification: (a) in SE mode, (b) in BSE mode.

Fig. 2. Microimage of the fracture surface of Sample Ne2 at 10kx magnification: (a) in SE mode, (b) in BSE mode.

estimated to be a few nanometers. Due to -elastic
scattering, such thin graphite rims are not detectable in the
BSE images. In the SE images, within the gaps between
the ZrB; matrix grains, compact dark zones ("islands") of
graphite are observed, ranging in size from 1 to 10 um and
irregular (elongated) in shape, distributed unevenly. In the
BSE images, the main zirconium diboride matrix appears
light gray, while the dark zones indicate graphite.

Let us consider the image of Sample Ne2
(magnification 10kx, Fig. 2). In this case, the SE images
show that the grains of the main ZrB, matrix are smaller
(in comparison with Sample Nel). In addition, a visual
comparison with Sample Nel suggests that the size
distribution of the ZrB, grains is narrower, with grain
sizes ranging from 1.5 to 4 ym. The grain shapes are
predominantly irregular. The dark graphite particles are
also smaller, with estimated sizes between 1 and 2.5 pm;
they are irregular in shape and distributed in a relatively
uniform yet chaotic manner. In the SE image, the
boundaries of many matrix grains are surrounded by white
rims, which may indicate active zones of graphite flake
formation [11]. In the BSE image, the ZrB, matrix grains
appear light gray, while the carbon phase appears dark
gray to black.

Let us consider the image of Sample Ne3
(magnification 20kx in Fig. 3). Again, in the SE image the
ZrB, matrix grains are smaller than those in Sample Ne 1
(estimated to be between 1.5 and 5 pm), with irregular and
sometimes elongated shapes. Bright rims of graphite
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flakes are again observed on some grains. The main
graphite inclusions are also smaller than in Sample No 1,
but larger than in Sample Ne 2 (estimated between 2 and
6 um), and are arranged in compact "islands".

In the SE microimage of Sample Ne3 (Fig. 3a), small
white grains can be seen (estimated between 0.2 and
1.5 um) with irregular, peculiar shapes (highlighted in the
inset). It can be assumed that these particles are either
unreacted ZrC powder or other impurities, possibly
originating from the starting powder used for Sample Ne 3.
In the BSE image, these grains do not differ in contrast
from the main matrix, indicating similar atomic number
characteristics. Thus, Sample Ne3 can be considered an
example of an incomplete reaction, where the number of
phases in the composite exceeds two.

Let us consider the image of Sample Ne4
(magnification 10kx in Fig. 4). The matrix grains are more
rounded and smaller than those in Sample Ne 1,
approximately 2—4 um in size, with lower size dispersion.
Also, compared to Sample Ne 1, the graphite inclusions in
the SE image are even smaller (estimated at 0.5—1.5 pum)
and are distributed uniformly. The BSE image also shows
a noticeable reduction in the size of both the matrix grains
and the graphite phase (in comparison with Sample Ne 1).

2.2. Fractal Parameters of the Images of the
Obtained Composites

The obtained SE and BSE microimages were
analyzed using the Box Counting method, and the fractal
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(a)

(b)

Fig. 3. Microimage of the fracture surface of Sample Ne3 at 20kx magnification:(a) in SE mode, (b) in BSE mode.

(a)
Fig. 4. Microimage of the fracture surface of Sample Ne4 at 10kx magnification:(a) in SE mode, (b) in BSE mode.

dimension D and lacunarity L were determined (Table 1).

II1. Discussion

Let us compare the fractal dimension of the
microimages for different samples at the same
magnification. For example, we select the case of 10kx
magnification and SE images (Table 1). The data show
that: D=1.790 +0.035 for Sample Ne 1,
D =1.804 + 0.034 for Sample Ne 2, D =1.812 + 0.035 for
Sample Ne 3, D =1.821 + 0.037 for Sample Ne 4. Thus, it
can be observed that the value of the fractal dimension D
increases: it is the lowest for Sample Nel and the highest
for Sample Ne 4. This trend is consistent across all fixed
magnifications, indicating a slight (within the margin of
error) increase in texture complexity from Sample Ne 1 to
Sample Ne 4. This may be related to the reduction in grain
sizes of both zirconium diboride and graphite in the
corresponding samples.

At the same time, the variation in D across all samples
is relatively small compared to the error margin of the Box
Counting method. This limitation reduces the usefulness
of the fractal dimension D as a quantitative evaluation
factor and highlights the need for an additional
parameter L. The data show that the changes in lacunarity
values exceed the measurement error.

The relevance of choosing lacunarity L is also
supported by the need to account for the distribution of the
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primary matrix and graphite phases: lacunarity allows to
distinguish between the two end phases — ZrB; and C (as

two colors) — in a two-phase system, whose distribution
directly affects the material’s thermal conductivity.

In Fig. 5, we present the correlation between fractal
dimension and lacunarity based on the data from Table 1.
As can be seen, there are linear relationships with high
coefficients of determination. Therefore, in the following
analysis, we will use lacunarity as a quantitative metric for
evaluation and for establishing correlations with thermal
conductivity.

Let us examine the issue of selecting image
magnification for comparison and evaluation. The
calculated fractal parameters from SE and BSE
microimages show a trend of increasing lacunarity L for
the same sample as the image magnification increases
(Table 1). A similar conclusion was presented in [24]. In
contrast, as the image magnification increases, the
calculated fractal dimension D tends to decrease. This
indicates the mathematical imperfection of the obtained
fractal figures, since for an ideal fractal, the fractal
dimension should remain constant. This result is
consistent across other samples as well. Therefore, it is
appropriate to compare the fractal parameters of texture
images for different samples only at the same
magnification.
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Table 1.
Fractal Characteristics of Composite Microstructures
Microscopy Type Image Fractal Dimension, Lacunarity, L
(SE, BSE) Magnification D
Sample Nel
SE Skx 1.808+0.034 0.34+0.02
SE 10k 1.790+0.035 0.36+0.02
SE 20kx 1.754+0.035 0.43+0.02
BSE Skx 1.814+0.034 0.37+0.02
BSE 10kx 1.795+0.034 0.39+0.02
BSE 20kx 1.741+0.034 0.58+0.02
Sample No2
SE 10kx 1.804+0.034 0.34 +0.02
SE 20kx 1.777+0.034 0.41+0.02
SE 40kx 1.724+0.035 0.51+0.02
BSE 10kx 1.799+0.034 0.28+0.02
BSE 20kx 1.765+0.034 0.31+0.02
Sample Ne3
SE Skx 1.828+0.033 0.26+0.02
SE 10kx 1.8124+0.035 0.29+0.02
SE 20kx 1.773+0.035 0.36+0.02
SE 40kx 1.736+0.033 0.46+0.02
BSE 20kx 1.748+0.034 0.35+0.02
Sample Ne4
SE 10kx 1.821+0.037 0.26+0.02
SE 20kx 1.795+0.037 0.36+0.02
SE 40kx 1.7444+0.035 0.50+0.02
BSE 10kx 1.817+0.034 0.22+0.02
BSE 20kx 1.777+0.034 0.28+0.02
Source: Calculations performed by the authors
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Fig. 5. Correlation between fractal dimension and lacunarity based on the data from Table 1: (a) — linear relationship
with a coefficient of determination R* = 0.59 for all images; (b) linear relationship with coefficients of determination
for Sample Nel — R? = 0.97 for BSE microimages and R?>=0.99 for SE microimages.

3.1. Estimation of thermal conductivity of ZrB,—
C using fractal analysis
The obtained data allow us to explore possible
correlations between the material's thermal conductivity
coefficient £ and the derived fractal parameters.
It is worth noting that SE images visually appear more

three-dimensional and detailed. This is why such relief-
type images are commonly presented in research studies.
However, for our calculations, the ZrB, matrix in SE
images may appear either light or dark gray, while
graphite appears dark gray to black. When the image is
converted to binary mode, these gray shades are
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Fig. 6. Microimages of the fracture surface of Sample Ne 2 at 10kx magnification:
(a) in SE mode — before and after binarization; (b) in BSE mode — before and after binarization.

transformed into just two colors —and as a result, dark gray
matrix grains may be interpreted as black zones, like the
graphite itself. This can significantly alter the phase
contours (Fig. 6a).

Therefore, BSE microimages were chosen for further
thermal conductivity analysis. Although BSE images may
appear visually less detailed and more averaged, the phase
separation on them is more accurate: the light regions
correspond to zirconium diboride, and the dark regions
correspond to graphite (Fig. 6b).

To establish a correlation between lacunarity values
and thermal conductivity, BSE-mode microimages with
magnifications of 10kx and 20kx were selected. For
Sample Ne3, no image was available at
10k> magnification (see Table 1).

Additionally, as revealed during visual analysis of the
SE image of Sample Ne3, this sample contained residues
of the starting powder or other impurities. Therefore, we
believe that Sample Ne3 contains not two phases, but three
(or more) phases. In the binarized image, the third phase

appears white — the same as the matrix — which prevents
unambiguous interpretation of the correlation between the
composite’s thermal conductivity and the lacunarity of the
processed images.

For example, if the third phase consists of unreacted
zirconium carbide powder, whose thermal conductivity is
significantly lower than that of the synthesized composite
components, the resulting error in correlation may be
considerable.

The results (Fig. 7) indicate that the thermal conduc-
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Fig. 7. Correlation between thermal conductivity and
lacunarity for Samples Nel, 2, and 4, showing high
coefficients of determination: R*=0.95 for approximation
line 1 at 20kx magnification, R?>=0.78 for approximation
line 2 at 10kx magnification. Sample Ne3 was excluded
from the correlation analysis and is shown for
completeness of description.

tivity of the synthesized composite increases as the
lacunarity decreases. The lacunarity parameter reflects the
heterogeneity of the composite’s microstructure: lower
lacunarity corresponds to a more homogeneous structure,
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which facilitates more efficient heat transfer. This is the
main finding of the present study. Among the presented
images, the most uniformly distributed structures are
observed in Samples Ne 2 and Ne 4.

Let us provide a microscopic interpretation of
mentioned behaviour. A two-phase composite consists of
a ZrB; phase and a graphite phase. In the case of a uniform
distribution of phases, the grains of each phase are located
at relatively short distances from one another, allowing
thermal energy to transfer more efficiently. From this
perspective, an interconnected network of a particular
phase within the material will enable faster and more
effective heat transfer. This is precisely what we observe
in Samples Ne 2 and Ne 4, where a visible phase network
is formed. The smaller the grains of the matrix phase and
the more evenly distributed the phases, the more
"connected" the networks of both the graphite and ZrB,
phases become.

In contrast, Sample Nel exhibits large grains of the
ZrB, phase and large, separately located graphite
inclusions. Such a structure forms a composite in which
an interconnected phase network is not formed, thus
impeding heat transfer.

In other words, for a two-phase composite with
isolated large grains, the propagation of thermal vibrations
is more efficient within each material individually, but the
overall heat flux is hindered at the grain and phase
boundaries.

Conclusions

The fractal analysis method can be effectively applied
to analyse the thermal conductivity of composite
materials. A crucial condition for the efficacy of fractal
analysis is the presence of visually distinguishable
components within the composite material. The fractal
approach is highly suitable for analysing the
microstructure and thermal conductivity of two-phase
synthesized composites, where the matrix and inclusions
correspond to a binary image. However, in the case of
three-phase composites, the applicability of this method is
limited, especially when there are significant differences
in the thermal conductivity of the individual phases.

For the two-phase ZrB,—C composite, it is advisable
to use the lacunarity parameter L for thermal conductivity
estimation via fractal analysis, as it is more relevant and
informative. The change in fractal dimension D was minor
compared to the error margin of the Box Counting method.

Nonetheless, a strong correlation between fractal
dimension and lacunarity was demonstrated for the
presented data.

In two-phase systems, BSE electron microscopy
images should be preferred for fractal analysis. This
choice simplifies binarization and enhances the reliability
of fractal dimension and lacunarity calculations.

For zirconium diboride—graphite composites, thermal
conductivity increases as lacunarity decreases, which
corresponds to smaller grain sizes in the matrix and a more
uniform  phase  distribution. = Lower  lacunarity
characterizes a more homogeneous composite structure,
which correlates with improved heat transfer.

The recommendation to use fractal analysis is
especially valid in cases where direct sample acquisition

is impractical — such as remotely obtained surface
micrographs in radioactive environments, reactors, or
situations requiring nondestructive testing.

Fractal analysis can serve as an effective tool to
identify outlier samples that deviate from the main
correlation trends. Significant deviations in fractal
parameters within the studied group indicate atypical
material behavior (or its fragment) and warrant additional
examination.
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A Fractal Approach to Evaluating the Thermal Conductivity of ZrB,—C Composite Ceramic Materials

A.C. Wipinsa', JI.B. Mapunuenko?, O.1. Hixkenbcobka'

@OpakTaabHUM MAXIA 10 OUiHKH TENJIONMPOBIAHOCTI KOMIIO3UTHHUX
KepaMidyHuX MarepiauaiB ZrB;-C

UJlabopamopis komnosummnux mamepianie amomno-600ne6oi enepeemuxu, Incmumym npuxnaonoi gizsuxu HAH Yrpainu,
m. Cymu, Yxpaina, aramshirinyan@ukr.net
’Kagheopa bioenepeemuxu, bioingopmamuxu ma exobiomexnonozii, Hayionanonuti mexnivnuti ynicepcumem Yxpainu
"Kuiecokuil nonimexuiunuii incmumym imeni lzops Cikopcvkoeo”, m. Kuis, Yxpaina, lolitamar@ukr.net

AKTyanbHOIO TIPOOJIEMOI0 MaTepiajo3HABCTBA € KOHTPOJIHOBAHE BUKOPUCTAHHS KepaMiyHUX KOMIO3HTHHX
MaTepialliB 3a BUCOKHX TEMIIEpaTyp Y CYYaCHHX TEXHOJOTISX, 30KpeMa B siepHiit (i3uili, aTOMHI# eHepreTHIli Ta
aBiaKOCMIYHOMY 1 paKeTHOMY MAIIMHOOYAyBaHHI. ¥ CTAaTTi JOCTI[KCHO 3B’SI30K MK MIKPOCTPYKTYpOIO
TeTepPOMOMIYIJIFHOTO KEepaMidHOTO KOMIIO3UTY Ha OCHOBI JHOOPHIY LUPKOHIIO i rpadiTy, OTPUMAHOTO METOAOM
BHCOKOTEMIIEPATYPHOTO PpEaKLifHOrO CHHTe3y, Ta HOro TEIUIONPOBIIHMMH BIACTHBOCTSIMH. MeTonooris
JOCHIDKEHHS IPYHTY€EThCS Ha BUKOPHCTaHHI (PPaKTaIbHOTO aHANI3y MIKpO30OpaKeHb, IO A€ 3MOTY KiTbKiCHO
OLIHUTH MPOCTOPOBY HEOTHOPIMHICTH CTPyKTypH. [lokazaHo, II0 mapamMeTp JIaKyHapHOCTI € Oimbor
iHpOPMATHBHUM [JIsl OL[IHKU TEIUIOMPOBIHOCTI, HK ()paKTanbHa PO3MIpHICTb, 3 OTJISILY Ha HOTO 4yTJMBICTH 10
posnoxiny ¢a3. BeraHoBneHo, mo Uit nBO(A3HUX KOMIIO3UTIB i3 CYTTEBHM KOHTPACTOM TEILIOTIPOBITHOCTI
KOMITOHEHTIB (HaIpUKIIaJ, IUPKOHIEBUIT UOOpUA — rpadiT) 3HWKEHHS JJaKyHapHOCTI rpadiToBoi (Ga3u Kopemoe
31 3pOCTaHHAM e(EeKTUBHOI TEIUIONPOBiAHOCTI MaTepiay. OKpeMo miIKpecIeHO TOUiNbHICTh BUKOpHCTaHHS BSE-
300pakeHb [T i JBHUINEHHS TOYHOCTI 009HCIeHb. 3p00IeHO BUCHOBOK ITPO €(heKTHBHICT ()PaKTAIBHOTO MiAXOLY
U aHai3y MIiKpPOCTPYKTYpPH Ta IMPOTHO3YBaHHSA KOEQII[iEHTY TEIIOMPOBITHOCTI CHHTE30BaHHX IBO(A3HUX
KepaMigyHUX KOMIIO3UTIB 32 JAHUMHU EJIEKTPOHHOI MiKPOCKOMIi.

KoarodoBi cioBa: xepaMiuHi KOMIIO3WTH, Kap0ing Oopy, Kap0iJ LUPKOHIiI0, OUOOpiA IMPKOHI0, rpadiT,
MIKPOCTPYKTYpa, (ppaKTaabHHUIi aHai3, TEIUIONPOBIAHICTD, JAKYHAPHICTh, €HEPreTHKA.
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