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STUDYING THE EFFECT

OF THE WEIGHT FRACTIONS OF DIFFERENT
TYPES OF POWDERS ON THERMAL CONDUCTIVITY
AND HOMOGENEITY OF AN EPOXY BLEND RESIN

In this study investigated the effects of weight fractions (10-50 wt%) of carbon nanoparticles
(CNP), Al O3, NiO, and ZnO powders on the thermal conductivity and homogeneity of a
50:50 epoxy blend resin. Scanning electron microscopy (SEM) revealed distinct surface mor-
phologies: NiO composites showed smooth surfaces with minimal gaps at low concentrations
but developed large voids at 50 wt%, while Alp Os surfaces exhibited fractures and increased
blistering at higher loadings. ZnO and CNP composites displayed rough, porous surfaces with
significant agglomeration at 50 wt%. Thermally, all fillers enhanced conductivity relative to
the unreinforced epoxy (0.938 W/(m- K)), with NiO exhibiting the highest improvement (32.5—
46.3%), followed by ZnO (28-38.7%), Al O3 (19.5-31.3%), and CNP (11.2-16.7%). Homoge-
neity testing via y-ray attenuation (**' Am source) demonstrated that ZnO composites achieved
the highest homogeneity (lowest A% and standard deviation o, = 0.004—0.02%), whereas
NiO composites were the least homogeneous. Crucially, ZnO’s uniform particle distribution
also provided superior gamma-ray shielding (u = 0.108-0.205 cm™" ), while NiO’s heterogene-
ity compromised its attenuation efficacy.

Keywords: aluminum oxide (AlpOs), carbon nanoparticles (CNP), epoxy blend resin,
gamma-ray attenuation, homogeneity test, nickel oxide (NiO), polymer composite, scanning
electron microscopy (SEM), thermal conductivity, zinc oxide (ZnO).

1. Introduction

Epoxy resins, the most widely used thermoset mate-
rials in polymer composites, are typically synthesized
by reacting epichlorohydrin with bisphenol. They ex-
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hibit strong bonding strength to diverse substrates,
excellent chemical and environmental resistance, no-
table insulating properties, outstanding adhesion,
toughness, high electrical resistance, durability across
high and low temperatures, flexibility, and ease of
bubble-free pouring or casting [1, 2]. Polymer blend-
ing is a common technique used to obtain properties
absent in the original polymers; for instance, incorpo-
rating an elastomer into a stiff polymer can enhance
ductility and impact resistance [3]. Particulate fillers
modify the physical and mechanical properties of
polymers in various ways. Their primary commercial
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objectives are cost reduction and increased stiffness
[4, 5]. These materials, including diverse polymers
and particle-reinforced polymer-matrix composites—
find wide application in areas such as the electrical
industry, military and commercial aircraft, heaters,
electrodes, flooring, and high-temperature thermally
durable composites [6, 7]. While polymers are fre-
quently employed as insulating materials, significant
research focuses on enhancing their properties, par-
ticularly thermal conductivity. High thermal conduc-
tivity is essential for efficient heat dissipation, main-
taining lower operating temperatures and prevent-
ing dielectric failures caused by overheating [8]. Po-
lymers inherently exhibit low thermal conductivity
due to their relatively low atomic density, weak chem-
ical bonds, complex crystal structures, and signifi-
cant anharmonicity in molecular vibrations [9]. The
constitutive properties of composite materials (e.g.,
electrical, mechanical, and thermal) are significantly
influenced by the distribution of particles within
the matrix. This distribution depends on the addi-
tive phase’s concentration, particle size, inter-particle
distance, and morphology [10, 11]. Common tech-
niques for assessing homogeneity or distribution rely
on attenuation characteristics, such as intensity dif-
ferences and variations in the linear attenuation co-
efficient. These characteristics are further evaluated
using mathematical equations incorporating statisti-
cal measures of distribution and variability, such as
the standard deviation. Such analyses quantify the
homogeneity index (or degree of homogeneity) of mul-
tiphase materials, often correlating with the local
concentration of the additive and the concentration
ratio [12].

2. Materials and Methods
2.1. Materials

This study utilized two types of polymeric sub-
strates based on epoxy resin. The first was a Turkish-
manufactured epoxy resin (22240 Innopure Floor
Epoxy), characterized as a light liquid with a dark
yellow tint, low density, and low viscosity. It em-
ploys a hardener-to-resin ratio of 3:2 at a spec-
ified temperature and has a density of (1.00 +
0.05) kg/L at 20 °C. This resin was blended with a
second epoxy resin, Casting Resin LS800, manufac-
tured by Shenzhen BKC Testing (China). (LS800) ex-
hibits good flow properties, natural defoaming, anti-
yellowing properties, high transparency, a ripple-free
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Fig. 1. Sample preparation mold

surface, and can be cured at both room and ele-
vated temperatures. Both epoxy systems utilize the
same Turkish-manufactured hardener (22240 Innop-
ure Floor Epoxy). The resin mixture solidifies upon
hardener addition. The support materials (fines) in-
corporated were:

Nickel oxide (NiO): The primary oxide of nickel,
classified as a basic metal oxide [13]. Supplied by Hop-
kin and Williams LTD (UK) with a particle size of
(33 pm).

Carbon nanoparticles (CNP): Carbon-based
materials with particle sizes on the nanoscale (sup-
plied size: 89.77 nm). These particles attract scien-
tific interest due to their distinctive architectures and
unique chemical and physical properties [14]. Supp-
lied by CNP (Any color, China).

Zinc oxide (ZnO): An inorganic compound
widely used as a filler in materials and products in-
cluding cosmetics, dietary supplements, rubber, plas-
tics, ceramics, glass, and cement. While naturally
occurring as zincite, the ZnO used was synthetic
[15]. Supplied by Hopkin and Williams LTD (UK)
with a particle size of (42 pm).

Aluminum oxide (AlyOg3): The most prevalent
form of aluminum oxide, used in composite fabrica-
tion. Also known as aloxide, aloxite, or alundum de-
pending on specific forms or applications [16]. Supp-
lied by BDH LTD (UK) with a particle size of 31 pm.

2.2. Sample preparation

The samples were fabricated using the hand-lay-up
molding technique. This technique offers significant
advantages, particularly the ability to produce large-
volume, complex-shaped samples to desired dimen-
sions without inherent size limitations, as demon-
strated in Fig. 1. This contrasts with alternative pro-
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Table 1. The sample schematic diagram

Mold Mold International Sample schematic Image of prepared

type dimensions (mm) standards diagram samples
Therma? . 5 % 41.16 Dimension.s suitable for = —
conductivity the analytical method 5mm A L L R ey

T | @
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A
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>
>
(£n0) ' ( Standard)
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cesses, which are often more complex and may be
size-constrained.

After oven drying, all fillers were sieved to the tar-
get granule size. The required quantities of filler were
then measured using an electric balance with an accu-
racy of (0.001 gm). Composite samples were prepared
by blending five different weight percentages (10, 20,
30, 40, and 50 wt%) of filler into the epoxy resin. The
weight percentage was calculated as [17, 18]:

wp wp

Wm

With = x 100% =

We wp

x 100%. (1)

The epoxy resin blend was weighed using an sensi-
tive electrical balance to ensure the correct mixing
ratio (4-10 g total). The filler powder was added to
the epoxy resin and gently mixed for 15 min using
a mechanical mixer in a clean container to achieve
uniform particle dispersion. The hardener was then
added gradually to the mixture under continuous stir-

480

ring to minimize the formation of air bubbles. The
resulting homogeneous mixture was poured into cir-
cular plastic molds (10 mm in diameter and x 2 mm
in thickness). Samples were first left at room temper-
ature for 24 hours to initiate hardening, then placed
in an oven at 60 °C for 1 hour to complete polymer-
ization. Finally, the entire assembly was allowed to
cure at room temperature for 10 days.

2.3. Physical property tests

A physical property is any measurable characteris-
tic that quantifies the state of a physical system
[19]. Changes in a system’s physical properties de-
scribe transitions between its transient states. These
measurable characteristics are often termed observ-
ables. Crucially, physical properties are quantifiable;
a measurable physical property is called a physi-
cal quantity. Based on the data and samples pre-
sented in Table 1, this study focuses on analyzing
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Sample

Fig. 2. Thermal conductivity testing device

the physical properties of Thermal Conductivity and
Homogeneity.

2.4. Scanning electron microscope test

Scanning Electron Microscopy (SEM) is a high-
resolution surface imaging and analytical technique
that produces detailed nanoscale images of a sam-
ple’s topography, enabling the detection of minute
features such as cracks, voids, and particle distribu-
tion. It facilitates semi-quantitative chemical compo-
sition analysis at specific points and is widely applied
to material failure investigation, quality control, and
surface morphology studies across materials science,
biology, and electronics. For this research, analyses
were performed using an FEI Nova NanoSEM 450
at the University of Basrah. To ensure SEM imag-
ing accuracy, all samples were sputter-coated with a
thin gold layer (=20 nm thickness) using a pulsed de-
position system under high vacuum (10~° bar). This
minimized electrostatic charging and improved im-
age resolution. The vacuum pressure in the FEI Nova
NanoSEM 450 was maintained at 10~¢ Torr to pre-
vent electron scattering. Three random regions per
sample were analyzed to ensure representative mi-
crostructural characterization.

2.5. Thermal conductivity test

The thermal conductivity of the samples was deter-
mined using a Lee’s disc apparatus (manufactured by
Griffin and George, UK), located in the Department
of Physics, College of Science, University of Mosul
(see Fig. 2).

The device operates on the principle of steady-state
heat transfer from a heater through the sample to a
cooled disc. It comprises three copper discs (A, B,
and ('), each 4.11 mm in diameter. Each disc features
a radial hole drilled from the edge to accommodate
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a thermometer. A fourth disc, housing a 2.25-watt
electric heating coil, shares the same diameter. For
testing, a disc-shaped composite sample (with dimen-
sions standardized according to Table 1) is placed be-
tween discs A and B. The heating coil is positioned
between discs B and C' and connected to a DC' power
supply. The voltage was fixed at 6 V and the current
at 0.48 A. The entire assembly is thermally insulated
to stabilize the ambient temperature. Upon energiz-
ing the heater, heat flows sequentially through the
discs. Once thermal equilibrium is reached, the tem-
peratures (T4, T, T¢) recorded by the thermometers
in each disc, along with the current and voltage, are
noted. The thermal conductivity is then calculated
from the heat flux (e) passing through the sample
per unit area per second (W/m - K), using

V.I

(2)
[aATA + aS(TLQTB) +agTp + acTC]

e =

and the (K) is calculated from

. e-ds a (TA+TB)
C2mr2(Tp —Ta) | ° 2

+ 2aT |- (3)

Thermal conductivity measurements were repeated
three times per sample to ensure statistical reliabil-
ity. Temperature readings from mercury thermome-
ters had a margin of error of £0.1 °C, resulting in
a maximum propagated error of +3% in the ther-
mal conductivity calculations (using error propaga-
tion formulas for Eqs (2) and (3)).

2.6. Homogeneity test

Homogeneity was tested using a Canberra amplifier
device to calculate the absorption coefficient of a spe-
cific substance for gamma rays at multiple points
within the sample. This testing was performed in the
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Fig. 3. The equipment used in the homogeneity test: absorption coefficient measurement device (a); y-source and lead layer

(b); detector (c)

Physics Laboratories, Faculty of Science, University
of Mosul, as shown in Fig. 3, a.

The sample intended for measuring the absorption
coeflicient was placed behind a lead shield. Measu-
rements were conducted using a parallel gamma-ray
beam from a 24*'Am source, as shown in Fig. 3, b,
with the power supply set to 850 V. The incident and
transmitted gamma-ray intensities of the composite
samples were measured using the detector shown in
Fig. 3, c. Each measurement used a 30 s counting
time. First, the incident radiation intensity (Iy) was
measured, followed by the transmitted radiation in-
tensity (I) through the sample. The percentage ho-
mogeneity (Au%) of the material was then calculated
using [20]:

!
Ap (%) =1 . E s 100%. (4)

!

Homogeneity was also assessed by calculating the
standard deviation (o,) of the linear attenua-
tion coefficient over N measurements, derived from
Eq. (5) [21]:

SN ()’

LR )

oy =

where p is the linear attenuation coefficient at a spe-
cific measurement point, i is the mean linear attenua-
tion coefficient, and N is the number of measurement
points on the sample.
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3. Result And Discussion
3.1. Structural properties results

It is well-established that the filler-matrix interaction
critically influences composite properties. To assess
this interaction, the microstructure of both unrein-
forced and reinforced composites was characterized
using scanning electron microscopy (SEM). SEM was
selected for its superior analytical capabilities, offer-
ing magnifications up to 2 million times and high reso-
lution (typically down to the nanometer scale), far ex-
ceeding that of optical microscopy. This enabled pre-
cise characterization of filler particle morphology and
distribution within the polymer blend matrix. Fig. 6
shows representative SEM images of the unreinforced
matrix at various magnifications.

The analysis of the images reveals a semi-homo-
geneous surface structure characterized by sparse
grains and voids. At higher magnification (Fig. 4, b),
the surface exhibits significant roughness, consist-
ing of aggregated plate-like structures. Confined gaps
are formed between these plates, potentially re-
sulting from interactions between different epoxy
resins. The presence of airborne dust particles, likely
introduced during sample preparation, or base ma-
terial grains dislodged during prior sample polish-
ing, may also contribute to this morphology. Fig. 5
shows the surface morphology of the filler-reinforced
polymer blend composite at a magnification of
25,000.
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Fig. 4. SEM images of the Owt.% sample at different magnifications: 10000X (a); 35000X (b)

Samples reinforced with 10 wt.% NiO powder ex-
hibited smooth surfaces with minimal cavity forma-
tion. However, localized blistering was observed on
the surface, likely attributable to the rupture of air
bubbles during sample preparation [22]. At higher re-
inforcement concentrations (50 wt.%), the surface be-
came smoother overall but developed large voids in
specific regions. These voids resulted from the coales-
cence of smaller cavities, potentially caused by manu-
facturing artifacts or increased particle agglomeration
at elevated powder loading. For composites reinforced
with other powder types, particularly the sample con-
taining 10 wt.% AlsO3 powder (Fig. 5, ¢), the surface
appears smooth but contains numerous cracks and
voids, along with minor blisters. However, as the filler
powder concentration increases to 50 wt.%, these blis-
ters rapidly increase in size, developing into agglom-
erations arranged in the form of sheets or flakes. Con-
currently, the surface becomes significantly rougher,
undulating, and porous due to a substantial increase
in voids. This deterioration results from enhanced
particle accumulation as the powder concentration
rises, causing the powder to separate from the resin as
aggregates during sample preparation. Furthermore,
the high viscosity induced by the increased powder
loading impedes the complete growth of the polymeric
chains, leading to premature solidification. This re-
duces the time available for uniform powder distribu-
tion throughout the composite sample [23]. The sur-
faces of composites filled with 10 wt.% ZnO or CNP
powder (Figs 5, b and 5, d) appeared rough, undulat-
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ing, and blistered, indicating brittleness. Microscopy
also revealed micro-cracks, agglomerations, and par-
ticle clustering. Increasing the reinforcing powder
concentration to 50 wt.% altered the surface mor-
phology significantly. The ZnO-filled composite ex-
hibited a smoother surface, largely free of micro-
defects like cracks and voids, though scattered blis-
ters remained. In contrast, the CNP-filled compos-
ite developed a greater number of larger voids com-
pared with its lower-concentration counterpart. This
difference arises from increased particle agglomera-
tion at higher powder concentrations, causing the
powder to separate from the resin as lumps dur-
ing preparation. Additionally, the high viscosity in-
duced by these powder loadings impeded complete
polymeric chain growth. This led to premature so-
lidification, depriving the powder of sufficient time
to distribute uniformly throughout the composite
sample [24].

3.2. Physical property results

8.2.1. Thermal conductivity results

The thermal conductivity of the epoxy blend resin
was measured both before and after reinforcement
with the filler powders. This property is crucial for
evaluating how changes in the resin’s composition
affect the material behavior under thermal gradi-
ents. For the prepared samples, thermal conductivity
values were calculated using temperatures obtained
from a Lee’s disk apparatus and applying Eqs. (2)
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10 wt.% d: CNP 50 wt.%
Fig. 5. Microstructure of the epoxy blend reinforced with (10-50 wt.%) of different powders
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and (3). Fig. 6 illustrates the thermal conductivity
of the epoxy blend composites as a function of the
reinforcing materials’ weight fractions.

Results indicate that the unreinforced epoxy blend
(matrix) exhibits the lowest thermal conductivity,
consistent with its properties as a good insulating
material. All reinforced composites showed a similar
trend: the thermal conductivity coefficient increased
significantly and directly with the weight percent-
age of the reinforcing filler. Comparing the different
composites, thermal conductivity varied considerably
with filler type. The nickel powder (NiO)-reinforced
composite achieved the highest thermal conductivity,
surpassing all other composites including the unre-
inforced matrix. Zinc oxide (ZnO), aluminum oxide
(Al;03), and carbon nanoparticle (CNP) compos-
ites also demonstrated increased thermal conductiv-
ity relative to the base epoxy, though their enhance-
ment percentages were lower than those of NiO. Com-
parative thermal conductivity values for all compos-
ites are presented in Table 2.

We observed that the carbon nanoparticle (CNP)
composite exhibited the lowest thermal conductiv-
ity, which was reduced by 11.2-16.7% relative to
the matrix across the 10-50 wt.% filler range. This
reduction stems from the intrinsic thermal insula-
tion properties of CNPs. Their presence disrupts heat
transfer primarily through phonon-mediated con-
duction: atomic vibrations generate elastic waves
(phonons) that propagate through both the ma-
trix and CNPs. Due to mismatches in atomic struc-
ture and bonding between the epoxy matrix and
CNPs, phonons encounter interfacial obstructions,
scattering at these boundaries. This phonon scatter-
ing mechanism significantly suppresses thermal con-
ductivity. Composites reinforced with Al;Os, ZnO,
and NiO exhibited higher thermal conductivities, in-
creasing by 19.5-31.3%, 28.0-38.7%, and 32.5-46.3%
respectively across the same weight fraction range
(10-50 wt.%). Despite the superior insulating per-
formance of the CNP composite, all filled systems
exceeded the thermal conductivity of the unrein-
forced epoxy matrix (0.938 W/(m-K)). This demon-
strates that incorporating any of these particulate
fillers enhances the thermal conductivity of the epoxy
blend [25]. Several factors govern the enhanced ther-
mal conductivity of these composites relative to the
matrix; (i) filler chemistry: metallic oxide reinforce-
ments (Al;O3, ZnO, NiO) intrinsically exhibit high
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Fig. 7. Variation of the attenuation coefficient (Au%) by
location in epoxy blends with different powders

Table 2. Improvement in thermal
conductivity with filler loading (10-50 wt.%)

Composite Improvement
type percentage, %
Epoxy blend 0
NiO 32.5-46.3
ZnO 28-38.7
Al>O3 19.5-31.3
CNP 11.2-16.7

thermal conductivity. (ii) particle size and distribu-
tion: larger particles reduce phonon scattering by
shortening thermal pathways. Though not directly
observable via SEM imaging, these optimized paths
exhibit greater stability due to minimized vibrational
disturbances at interparticle contacts. (iii) filler load-
ing: higher weight fractions increase particle density,
further shortening thermal pathways [26]. Filler-mat-
rix interface quality significantly influences composite
thermal conductivity. Strong adhesion promotes effi-
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Table 3. Average values of the linear attenuation coefficient
and standard deviation for the epoxy blend reinforced with various powders

Type of
reinforcement
material

Average linear attenuation coefficient and standard deviation for the materials

0%

10%

20%

30%

40%

50%

NiO
Nanocarbon
ZnO

Al2O3

0.205+0.0817
0.205+0.0475
0.205 4+ 0.0244
0.205 4+ 0.0330

0.041 £0.0083
0.11740.0082
0.11740.0148
0.032 4 0.0442

0.0245=£0.0027
0.049 £0.0222
0.108+0.0189
0.057 +0.0330

0.048 +0.0314
0.178 £0.0355
0.187+0.0164
0.125 4 0.0026

0.0162+£0.0172
0.048 £0.0655
0.160 £0.0043
0.260 +0.0576

0.072 £ 0.0421
0.091 £0.0033
0.125+0.0113
0.108 +0.0102

Table 4. Comparison of the present research results with those reported in other studies

Material Thermal Improvement 'y, cm™!
(loading) Study conductivity % (vs baseliné) Homogeneity ~ Key findings
g W/(m-K 0 . (energy)
Unreinforced | Omar & Khadeer 0.938 - - - Higher baseline than
epoxy (current) typical epoxies
(Park et al., 0.20-0.25 - - - Standard epoxy baseline
2020) [30]
NiO Omar & Khadeer 1.37 46.3% 0.0421 (v-ray 0.072 Micro-scale filler; voids
(50 wt.%) attenuation) [59.5 keV] | at high loading reduce
homogeneity /shielding
(Al-Ghamdi et al., 0.75 275% (vs. 0.2) Agglomeration - Nano-NiO outperforms
2016) [31] at > 30 wt% |[7] micro-NiO due to reduced
phonon scattering
ZnO Omar & Khadeer 1.30 38.7% 0.0113 (y-ray 0.125 Best homogeneity;
(50 wt%) attenuation) [59.5 keV] | superior low-energy
gamma shielding
(Rafiee et al., 1.40 600% (vs. 0.2) SEM-based: - ZnO nanowires enable
2010) [32] 85% (6] higher TC at low loadings
(Naresh et al., - - - 0.185 Bi2 O3 composites match
2021) [33] [0.662 MeV]| | ZnO’s shielding at higher
energies

cient heat transfer, while weak interfaces (e.g., in NiO
composites) restrict phonon transmission, reducing
conductivity [27]. Furthermore, increasing filler load-
ing (10-50 wt.%) elevates particle density within the
composite. This shortens thermal conduction path-
ways, thereby enhancing overall thermal conductiv-
ity [28]. Crucially, filler distribution homogeneity de-
termines conductivity outcomes; Uniform dispersion
typically lowers thermal conductivity by maximiz-
ing phonon scattering. Aggregates and flakes from
uneven distribution create localized percolation net-
works, increasing conductivity in NiO, ZnO, and
Al,O3 composites [29].
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3.2.2. Homogeneity test result

The proportions of powders and polymers within a
polymeric blend composite significantly influence its
durability and homogeneity. This test aims to assess
the homogeneity of the prepared composites, with re-
sults presented in Fig. 7. As defined by Eq. (4), the
material’s homogeneity percentage can be determined
by comparing the attenuation coefficient (u) at spe-
cific measurement locations — derived from the trans-
mitted intensity (I) — against the average attenuation
coefficient (u’) across all locations. Fig. 7 illustrates
the resulting homogeneity parameter (Au%) at five
positions for the studied materials.

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 5



Studying the Effect of the Weight Fractions

Figure 7 clearly shows the minimum Ap% values
for the ZnO, CNP, and Al,O3 composites, respec-
tively. In contrast, the NiO composite exhibits the
highest Ap%. These results indicate that the ZnO
composite possesses superior homogeneity, while the
NiO composite is the least homogeneous among the
tested materials. Furthermore, homogeneity was as-
sessed via the standard deviation of the linear atten-
uation coefficient. The ZnO composite demonstrated
the lowest standard deviation (0.004-0.02%), signif-
icantly lower than those of the AlyOz, CNP, and
NiO composites. This minimal deviation confirms the
high homogeneity of the ZnO composite, signify-
ing a uniform distribution of ZnO filler within the
epoxy blend. Consequently, gamma ray energy is dis-
tributed and attenuated uniformly throughout the
sample.

In contrast, other powdery composites exhibited
significantly higher standard deviations. This indi-
cates inferior homogeneity — ranging from semi-ho-
mogeneous to inhomogeneous — within these mate-
rials. Such non-uniformity concentrates gamma-ray
energy in specific areas rather than distributing it
evenly. Furthermore, defects like cavities and air bub-
bles, likely arising from localized agglomeration of
reinforcement particles, contribute substantially to
these elevated standard deviation values. The linear
attenuation coefficient (u) for vy-rays in the ZnO com-
posite ranges from 0.108 cm~! to 0.205 cm~!. These
values are significantly higher than those observed for
the NiO composite (0.0162 cm~! to 0.205 cm™!), in-
dicating ZnO’s superior attenuation capability. Con-
sequently, the ZnO composite demonstrates excel-
lent gamma-ray shielding performance, while the NiO
composite exhibits markedly lower effectiveness. This
disparity stems from two primary factors; the lower
density of NiO compared to ZnO, and the homoge-
neous distribution of ZnO particles within the epoxy
matrix versus the heterogeneous distribution of NiO
particles. This non-uniform dispersion in NiO directly
compromises its radiation shielding efficacy, aligning
consistently with the homogeneity results presented
earlier (e.g., Fig. 7).

Discrepancies in NiO’s thermal conductivity com-
pared with the literature values (Table 4) arise from:
(i) the use of micron-scale fillers in this study ver-
sus nano-NiO (50 nm) in [27], which reduces interfa-
cial phonon scattering; (ii) the lower viscosity of the
50:50 epoxy blend enabling better particle integra-
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tion than conventional resins. This highlights the sen-
sitivity of composite performance to filler scale and
matrix rheology.

4. Conclusions

This systematic investigation of carbon nanoparticles
(CNP), Al,O3, NiO, and ZnO powders (10-50 wt%)
within a 50:50 epoxy blend resin revealed distinct
performance trade-offs governed by filler properties
and dispersion. NiO composites achieved the high-
est thermal conductivity enhancement (46.3%, reach-
ing 1.37 W/(m-K)), leveraging its intrinsic high
bulk thermal conductivity (92 W/m - K); however, se-
vere void formation and agglomeration at 50 wt.%,
driven by the high density mismatch between NiO
and the epoxy, trapped air during hand lay-up,
and inherent irregular particle shape, created inter-
facial phonon scattering that capped further gains
and critically impaired dispersion homogeneity (o,
up to 0.0421). Conversely, ZnO composites exhib-
ited superior homogeneity (0.004-0.02%) due to their
near-spherical particle shape and uniform distribu-
tion, which directly enabled exceptional gamma-
ray shielding performance (p = 0.205 cm~! for
21Am at 59.5 keV) by maximizing photon inter-
action probability and leveraging Zn’s high atomic
number (Z = 30) for enhanced photoelectric ab-
sorption; this efficacy significantly outperformed NiO
(u = 0.072 cm™!), where heterogeneity created
low-density gamma-ray pathways and reduced effec-
tive Z-density, and rivalled toxic alternatives like
Bi;O3. While ZnO and Al;O3 showed more mod-
erate thermal improvements (38.7% and 31.3% re-
spectively), their defect-resistant morphology, par-
ticularly ZnQO’s ability to maintain structural in-
tegrity and even reduce cracks at 50 wt.% unlike
others, provided balanced performance. CNP com-
posites demonstrated limited thermal enhancement
(11.2-16.7%) due to pronounced interfacial phonon
scattering. Crucially, the morphology-loading inter-
play showed that all fillers integrated relatively well
at 10 wt%, but at 50 wt%, NiO, AlyO3, and CNP
developed significant voids/agglomerates, exposing
viscosity limits of hand lay-up processing, whereas
ZnO uniquely sustained compatibility. Consequently,
Zn0O emerges as the optimal filler for applications
requiring harmonized thermal management, supe-
rior gamma-ray shielding, and structural homogene-
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ity, while NiO’s thermal advantages are offset by its
dispersion limitations and poor shielding efficacy at
higher loadings.
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BUBYEHHS BIIMBY MACOBOI YACTKU
IIOPOIIKIB PISHUX TUIIIB HA TEIIJIOIIPOBIJAHICTD
TA TOMOTEHHICTH CYMIIII EIMTOKCUAHOI CMOJIN

VY upoMy JOCIIiI?KeHHI BHBYABCS BILIUB MacoBux 4acTok (10—
50 mac.%) Byrienesux HanodacTuHok (CNP), a Takoxk mopo-
mkiB AlpO3, NiO ta ZnO Ha TEmIONpPOBIIHICTL Ta TOMOTEH-
HICTb enokcuHOI cyMimi y cuissinnomtensi 50 : 50. CkanyBab-

ISSN 2071-0194. Ukr. J. Phys. 2026. Vol. 71, No. 5

Ha esleKTpoHHA Mikpockomnis (SEM) Bussuia pizui mopdosorii
noBepxHi: kKomnosutu NiO Majau riajeHbKi MOBepxHi 3 MiHi-
MaJIbHUMU IIPOMIXKKaMM 33 HU3bKUX KOHIIEHTPAIliii, ajie yTBO-
ploBaJin BesJHKi mopoknedi npu 50 mac.%, ToAi AK MoOBepxHi
AlyO3 meMoHCTpYBaJIM TPIIMHYU Ta TOCUJIEHE Y TBOPEHHSI OYJIb-
Gamok y pasi Bumux piBHiB HamnoBHeHHs. Komnosutu ZnO Ta
CNP masm miopcrki, mOpuCTi ITOBEPXHI 31 3HAYHOIO aryioMe-
paniero nipu 50 mac.%. Bci HanoBHIOBaYi MOKPAIIMIN TEILIO-
MIPOBiAHICTH CyMillll MOPIBHSIHO 3 YHCTOIO €HOKCHUIHOK CMOJIOIO
(0,938 Br/(m-K)), npraomy Haiibiiblre MOKpaIIeHHS IIPOJe-
monctpysas NiO (32,5-46,3%), maai fiayrs ZnO (28-38,7%),
Al»O3 (19,5-31,3%) Ta CNP (11,2-16,7%). Tectn nis BusHa-
YeHHs] PIBHSI MOMOT'€HHOCTI 3a JOIIOMOI'OI0 METOHy OcCJabJieH-
Hsl raMMa-BHIpoMinoBanHa (mkepeso 241 Am) mokasasm, 1o
komnosutn ZnQO mocsarnm HaWBUIIO! OMHOpPimHOCTI (HAKHMK-
anit Ap% ra cranpaprre Bigxusenus o, = 0,004-0,02%), To-
i gk kommosutu NiO 6yinu HalimeHn ogHOpiaHUMU. Baykiu-
BO, 10 piBHOMipHM po3nozain vacTuHok ZnO Takoxk 3abesre-
YUB Kpallle eKpaHyBaHHsI raMMa-BunpominoBanus (u =0,108—
0,205 cm~ 1), Toxi six rereporennicts NiO moripmysana ede-
KTUBHICTBH HOT0O OC/IabJIEHHS.

Kawwoei caoea: okeny amominiio (AloOs), Byrienesi na-
Howactuaku (CNP), emokcmiaHa cymim, ocsiaGieHHSI ramma-
BUIIPOMIHIOBAHHS, TECT HA FOMOreHHICcTb, okcu Hikeso (NiO),
OTIIMEPHUIT KOMIIO3UT, CKaHYBAJIbHA €JIEKTPOHHA MIKPOCKOIIis
(SEM), remwronposigaicTs, okcng queKy (ZnO).
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