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This study involves preparing nanocomposites consisting of polyvinyl al-
cohol (PVA) and tungsten carbide (WC) nanoparticles. The casting process
is employed to create these nanocomposites, with varying weight percent-
ages of WC nanoparticles: 0, 1, 2, and 3 wt.% . Various ways of diagnosis
are employed to analyse the PVA—WC nanocomposites, including Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM) imaging, and optical microscopy imaging. The experimental find-
ings obtained from the images captured by an optical microscope reveal
the spatial arrangement of tungsten-carbide nanoparticles throughout all
nanocomposite films. Additionally, these results demonstrate the presence
of a cohesive network of ions dispersed throughout the polymer matrix,
with a tungsten-carbide nanoparticles’ concentration of 3 wt.% . Further-
more, the experimental findings obtained from Fourier-transform infrared
spectroscopy (FTIR) demonstrate an upward trend between the absorbance
values of the PVA-WC nanocomposites and the fraction of tungsten-
carbide nanoparticles. The peak properties remain consistent, and most
bonds exhibit similar wavenumbers. The electrical characteristics of nano-
composites are investigated in the frequency range of 100-to-5-10° Hz at
ambient temperature. The analysis of the A.C. electric properties reveals
that, as the frequency of the applied electrical field increases, the dielec-
tric constant and dielectric loss of the nanocomposites diminish. In con-
trast, these properties indicate an increase with tungsten-carbide nanopar-
ticles’ concentration. Additionally, the A.C. electrical conductivity of the
nanocomposites displays an increase with higher concentrations of tung-
sten-carbide nanoparticles and frequency, while remaining relatively con-
stant at high frequencies. The conclusive findings indicate that the
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nanostructures composed of polyvinyl alcohol and tungsten carbide (PVA-
WC) possess potential applications in diverse electrical and electronic
nanodevices.

ITe mocnimxeHHA mependavae MPUTOTYBAaHHA HAHOKOMIIO3UTIB, IO CKJaka-
I0ThCS 3 HAHOYACTUHOK mHoJjiBiHinmoBoro cnupry (PVA) i kapbigy Boabdhpamy
(WCQC). IIpoliec IUTTA BUKOPUCTOBYBABCA MIJIA CTBOPEHHS ITUX HAHOKOMIIO3U-
TiB i3 3MiHHMM Barosum BincorTkom HaHouacTHHOK WC: 0, 1, 2 i 3 mac.%.
Hnsa ananisu Hanokomno3utiB PVA-WC BukopucToByBanucsa pisHi cmocobu
IiATHOCTHKU, BKJIOUAIOUM iH(GPauepBOHY CHEKTPOCKOMil0 Ha OCHOBI Pyp’e-
nepetBopy (FTIR), ckaHyBaJabHY eJIeKTPOHHY Mikpockoiiio (SEM) ta omTu-
YHy MiKpockolio. ExcrepuMeHTanbHi qaHi, omep:kaHi i3 300paskeHb 3a J0-
TIOMOTOI0 OITUYHOTO MiKpPOCKOIA, MOKa3yIOTh IIPOCTOPOBE pO3TAIIyBAHHSA
HAHOUYAaCTHMHOK Kapbinmy BoabdppamMy B ycix HaHOKOMIIO3UTHHX ILIiBKax.
Kpim Toro, 11i pe3yabTaTu JeMOHCTPYIOTH HaABHICTH IliJicHOI Mepe:Ki iioHiB,
po3cigAHMX IO BCifi MoJiMepHiNl MaTpuili, 3 KOHIIEHTPAIli€l0 HAHOYACTHUHOK
Kapbiny Boandppamy y 3 mac.% . Kpim Toro, excriepmMeHTaIbHI pe3yabTa-
TH, OJep:KaHi 3a JOIOMOroI0 iH(ppauepBOHOI CIIEKTPOCKOIIiI Ha OCHOBI
dyp’e-neperBopy (FTIR), mpomeMoncTpyBaiu TEHAEHITIIO O 3POCTAHHS MiK
3HAUEeHHAMMN BOUMpaHHa HaHoKommosutamMu PVA-WC i wacTkoloo HaHOUAac-
TUHOK Kapbimy Bosbdpamy. BiacTupocTi miKy s3aaninamTbCcad HEe3MiHHUMU,
i GinbmricTs 3B’A3KIB AEMOHCTPYIOTH MOAIOHI XBMIBOBiI umcna. EmexkTpuusi
XapaKTepUCTUKN HAHOKOMIIOSUTIB JOCJIMKyBajJaM B MisiasoHi YacTOT Bif
100 mo 5-10° I'm 3a TeMmepaTypu HaBKOJIWIIHLOTO CepenoBHINA. AHaisza
BJIACTUBOCTEH 3MiHHOTO €JeKTPUYHOrO CTPYMYy MOKasye, IO 3i 30iJbIIeH-
HSAM YacCTOTH IIPUKJIAEHOTO €eJEeKTPUYHOTO IIOJS JieJeKTPUYHA IPOHUK-
HicTh i AieneKTpUYHiI BTpaTm HAHOKOMIIO3UTIB 3MEHIIYIOThCsI. HaBmaku, IIi
BJIACTUBOCTI BKa3yIOTh Ha 30LJIBLIIIEHHA 3 KOHIIEHTPAI[i€l0 HAHOYACTHHOK Ka-
p6iny Boabdppamy. Kpim TOro, emeKTpompoOBigHICTL HAHOKOMIIO3UTIB Ha
3MIiHHOMY CTPyMi JeMOHCTpPY€E 30iJbIIIeHHS 3 BUIUMU KOHIIEHTPAIiAMU Ha-
HOYACTHHOK Kapbimy Boib(ppamy Ta 4acTOTOI0, 3aJHUIIMAIOUNCH BiJHOCHO IIO-
CTifilHOI0O Ha BUCOKMWX YacToTax. IlepeKOHJMBI BUCHOBKM NIOKAa3yIOTh, IO
HAHOCTPYKTYPH, IO CKJIAAAIOThCS 3 MOJIiBiHiJOBOro cmmpry Ta xapbdimy Bo-
abppamy (PVA-WC), maroTh IOTeHIIifiHe 3aCTOCYBaHHA B Pi3HOMAHITHUX
eJIEKTPUYHUX Ta €JeKTPOHHUX HAHOIPUCTPOIX.
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1. INTRODUCTION

Polymer nanocomposites (PNCs) can be described as composite ma-
terials whereby one or more nanofillers are dispersed inside a poly-
mer matrix. The primary objective is to integrate the ease of pro-
cessing of polymers with the exceptional material properties offered
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by nanofillers to create composite materials that demonstrate sub-
stantially enhanced macroscopic characteristics [1, 2]. Polymer
nanocomposites (PNCs) hold significant importance in industrial
and research domains, finding extensive applications in several sec-
tors, such as packaging, transportation, safety, energy, electromag-
netic shielding, catalysis, sensors, defence systems, and the infor-
mation industry. Polymer nanocomposites (PNCs) can address nu-
merous real-world difficulties and daily concerns, exhibiting prom-
ising prospects for future applications. Phenolic nanocomposites
(PNCs) are formulated using the idea that increased size and sur-
face area significantly enhance reactivity. Polymer nanocomposites
(PNCs) are composite materials with polymers as the matrix and
nanomaterials as the nanofillers. Polymer nanocomposites (PNCs)
possess exceptional multifunctionality owing to integrating many
components into a suitable and integrated structure. This unique
characteristic allows PNCs to find extensive applications in diverse
fields such as electronics, magnetism, and optics [3, 4]. Polyvinyl
alcohol (PVA) is a significant and versatile non-ionic hydrophilic
polymer that has attracted considerable interest as a hydrogel and
for various other applications, predominantly due to its non-
toxicity. There are two distinct ways to create polyvinyl alcohol
(PVA) gels: chemical and physical methods. Chemical cross-linking
of PVA hydrogels can be accomplished by utilizing multifunctional
aldehyde compounds like glutaraldehyde, glyoxal, and borate-
containing species or through irradiation methods such as gamma
radiation. However, using a chemical cross-linker may be associated
with deleterious consequences, such as undesired interactions with
other constituents, if present. Physically crosslinked polyvinyl alco-
hol (PVA) hydrogels are commonly favoured for various applica-
tions, particularly in biotechnology, owing to their exceptional pu-
rity and ease of gelation at mild conditions [5, 6].

Transition metal carbides are important due to their desirable
features, including thermal stability, resistance to corrosion and
wear, and electrical, magnetic, and catalytic characteristics [7]. Due
to its extraordinary electrical conductivity and favourable hydro-
gen-adsorption properties, tungsten carbide (WC) has attracted
much interest in the scientific community [8]. Nanosize tungsten
carbide (WC) has garnered significant interest within the scientific
community due to its improved tribomechanical and chemical char-
acteristics. The applicability of fuel cells has given rise to a new
realm of catalytic applications in power production [9, 10]. The WC
nanomaterial has been discovered to exhibit a bulk modulus compa-
rable to that of diamond, making it suitable for utilization in high-
pressure tests. A significant proportion of industrially manufac-
tured tungsten carbide (WC) is allocated for producing cemented
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carbide, which finds application in several sectors, such as cutting
tools, tunnelling operations and drilling, dies, and wear-resistant
components, among others [11, 12]. In a recent study, we have doc-
umented the successful production of WC nanoparticles using a sol-
id-state reaction involving scheelite and activated charcoal. This re-
action occurred under an argon atmosphere at a temperature of
1025°C [13]. Tungsten carbide (WC) is a highly challenging sub-
stance characterized by its exceptional hardness, inertness, and re-
fractory nature.

Moreover, it has remarkable catalytic capabilities that closely re-
semble those of platinum. Historically, the synthesis of transition
metal carbides has predominantly relied on powder metallurgical
methods involving high temperatures. The techniques above exhibit
high-energy consumption and yield coarse particles with reduced
surface area, constraining their potential in ceramic and catalytic
contexts [14, 15].

This work used tungsten carbide to improve the structural and
electrical properties of nanocomposite PVA-WC. This study showed
a significant improvement in these characteristics mentioned above.

2. MATERIALS AND METHODS

Polymer nanocomposite films were fabricated by dissolving pure
polyvinyl alcohol (PVA) in 40 mL of distilled water for 35 minutes.
The solution was stirred using a magnetic stirrer at a temperature
of 60°C to enhance the uniformity of the resulting solution by
summing the weight percentages of additives 0, 1, 2, and 3 wt.% of
(WC), the resulting films are obtained through casting. This process
entails depositing the mixture into a template, specifically a Petri
dish with a diameter of 5 cm, and allowing it to dry for 3—7 days.
Subsequently, the films are carefully removed from the template for
the required tests. The thickness of the films is measured using a
micrometre, resulting in a value of 120 pym. The technique em-
ployed in this study is Fourier-transform infrared (FTIR) spectros-
copy, which is utilized to analyse nanocomposite samples consisting
of polyvinyl alcohol and tungsten carbide. The spectral analysis is
conducted within the 1000 to 4000 cm™ wave number range. The
dielectric characteristics of nanocomposites were assessed by em-
ploying an LCR meter, namely the HIOKI 3532-50 LCR HI TESTER
model, which operates within a frequency range spanning from
100 Hz to 5 MHz. The materials were tested at various concentra-
tions using an Olympus-type Nikon-73346 optical microscope. This
microscope had a magnification of x10 and was paired with a cam-
era designed specifically for capturing microscopic images.

In order to determine the dielectric constant (¢'), one may employ
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the following formula [16]:
¢ =C,/C; (1)

C, represents capacitance, and C, represents a vacuum capacitor.
Dielectric loss (¢") is calculated as follows [17, 18]:

¢"=¢D. (2)

In this case, displacement D is applied.
The conductivity of A.C. electricity is computed with the follow-
ing formula [19, 20]:

Oa.c. = OEE, 3

where o is the angular frequency.

3. RESULTS AND DISCUSSION
3.1. Fourier-Transform Infrared (FTIR) Analysis of PVA—WC NCs

Fourier-transform infrared (FTIR) spectroscopy is a highly valuable
analytical technique that offers great insights into the interactions
of functional groups within a given compound. This study conduct-
ed infrared (IR) analysis on a Fourier-transform infrared transmis-
sion profile spectrum. The purpose was to describe the interface be-
tween pure polyvinyl alcohol and its nanocomposite films, which
contained varying ratios of tungsten carbide nanoparticles (WC
NPs) at 1, 2, and 3 wt.% . The analysis was performed at room tem-
perature (RT) within the 500-4000 cm ' wavenumber range, as de-
picted in Fig. 1. The functional groups of PVA emerged at 3259,
2908, 1416, 1250, and 1084 cm™’, corresponding to broadband to
the stretching vibrations of hydroxyl groups O-H, methyl C—Hj,
asymmetric stretching band, O—CH; deformation, O—H ether group
bending vibration and C—-O stretching vibration, respectively. The
spectral bands observed at 900 cm—' and within 600-to-550 cm™
range are attributed to the stretching vibrations of peroxide C—-0-0O
bonds and C—H bonds, respectively [21, 22].

Upon comparing the characteristic wavenumbers of the PVA-WC
nanocomposite with those of pure PVA, it becomes evident that the
distinct peaks representing the nanocomposite were not discernible;
this can be attributed to the observed shifting, which can be at-
tributed to the incorporation of WC. Moreover, it has been observed
that the transmittance exhibits a drop when the ratios of tungsten
carbide nanoparticles (WC NPs) grow, increasing the density of
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Fig. 1. FTIR spectra for PVA-WC nanocomposites: (a) for pure PVA; (b)
for 1 wt.% WC; (c¢) for 2 wt.% WC; (d) for 3 wt.% WC.

these nanoparticles. Based on the present investigation, it can be
inferred that no discernible absorption peaks were observed, indi-
cating the absence of any notable interactions between the PVA pol-
ymer and WC NPs [23, 24].

Figure 2 displays the photomicrographs of the surface of pure
polyvinyl alcohol (PVA) and its nanocomposites (NCs) containing
varying weight percentages (wt.%) of tungsten carbide nanoparti-
cles (WC NPs) at a magnification level of x10. The schematic dia-
gram of the polymer film in part (a¢) demonstrates a uniform com-
position without any distinct separation of phases. Specifically, it
exhibits a refined structure with a sleek surface, indicating the re-
markable compatibility of PVA at this particular mix ratio. The
analysis of the figures (part b—d) reveals that the WC NPs exhibit a
uniform distribution across the surface of the polymer-mix films.
This observation becomes more pronounced as the weight percentage
of WC increases.

The non-covalent interactions (NCs) exhibit an almost circular
arrangement of particles with a consistent shape. This phenomenon
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Fig. 2. Photomicrographs (x4) for PVA-WC NCs: (a) for pure PVA; (b) for
1 wt.% WC; (¢) for 2 wt.% WC; (d) for 3 wt.% WC.

is attributed to the significant surface area of nanoparticles (NPs)
[25, 26].

On the other hand, the polymeric solution with distinct polar
groups exhibits a pronounced attraction towards WC, hence result-
ing in the alignment of the nanoparticles within the polymer chain.
Consequently, the structural arrangement of the NC becomes dens-
er, leading to an enhancement in the material's overall consistency.
This method presented below offers an appropriate approach for de-
veloping NC films [27, 28].

Figure 3 demonstrates the influence of including WC nanoparti-
cles on the dielectric constant of pristine polyvinyl alcohol (PVA).
There is a positive association between the concentration of WC na-
noparticles and the dielectric constant. The increased concentration
found can be ascribed to the aggregation of WC nanoparticles with-
in the nanocomposites when they are included at low levels. Conse-
quently, the dielectric constant experiences a decrease, while, at el-
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evated concentrations, the presence of WC nanoparticles leads to
the formation of a cohesive network inside nanocomposites, thereby
increasing the dielectric constant value [29, 30].

Figure 4 depicts the frequency-dependent fluctuation of the die-
lectric constant in nanocomposites of polyvinyl alcohol and tungsten
carbide PVA-WC. The data presented in the figure indicates a de-
crease in the dielectric constants of the nanocomposite samples as
the frequency of the applied field increases. This phenomenon can
be attributed to the alignment of the dipole moments within the
nanocomposite samples as they orient themselves in response to the
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applied electrical fields. Consequently, this alignment reduces the
polarization of the space charge, ultimately leading to a decrease in
absolute polarization [31, 32].

Figure 5 illustrates the fluctuation in dielectric loss of pure pol-
yvinyl alcohol (PVA) concerning the material’'s weight concentration
(WC). The dielectric loss of PVA-WC nanocomposites positively
correlates with the concentration of WC nanoparticles, which can be
attributed to the concurrent increase in the number of charge carri-
ers. When the concentration of nanoparticles is beyond a certain
threshold, nanoparticles aggregate to create a cohesive network
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within nanocomposites [33, 34].

Figure 6 depicts the dielectric loss characteristics of nanocompo-
sites composed of polyvinyl alcohol (PVA) and tungsten carbide
(WC), as influenced by frequency. The provided figure illustrates a
noticeable trend in which the dielectric loss of nanocomposites de-
creases as the frequency of the applied electric field increases. The
phenomenon can be attributed to the reduced influence of space
charge polarization and the heightened dielectric loss observed in
the nanocomposites comprising polyvinyl alcohol and tungsten car-
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TABLE. Values of dielectric constant, dielectric loss, and A.C. electrical
conductivity for PVA-WC NCs at 100 Hz.

(Ij\?l;ls',ovfrt\.ﬂ‘;? Dielectric constant| Dielectric loss A.C. electruéa/lmtii)nductlwty,
0 0.46 0.04 1.95-10712
1 0.79 0.15 8.34.10712
2 0.77 0.20 1.10-1071
3 1.01 0.39 2.19-1071

bide PVA-WC at lower frequencies. In the present study, we aim to
investigate the effects of sleep deprivation on cognitive perfor-
mance [35, 36].

Figures 7 and 8 depict the performance of A.C. electrical conduc-
tivity of PVA-WC NCs as a function of frequency (F) and WC-NPs’
concentration, respectively. The alternating current (A.C.) conduc-
tivity demonstrates a notable increase when the electric field fre-
quency escalates across all samples. The observed phenomenon can
be attributed to space charge polarization, which occurs at low fre-
quencies, in addition to the hopping motion of charge carriers [37,
38]. Moreover, the conductivity exhibits an upward trend as the
weight percentage of WC nanoparticles (NPs) increases. The ob-
served behaviour can be attributed to the influence of space charge,
which arises from the accumulation of charge carriers resulting
from an increase in their regular distribution throughout the poly-
mer matrix [39].

Table shows values of dielectric constant, dielectric loss, and A.C.
electrical conductivity for PVA-WC nanocomposites at 100 Hz.

4. CONCLUSIONS

The solution cast approach was employed to deposit successfully
pure polyvinyl alcohol (PVA) and its composite with varying ratios
of tungsten carbide (WC).

The Fourier-transform infrared (FTIR) spectra exhibit a dis-
placement in certain bands and alterations in the intensity of other
bands compared to the spectra of pristine films. The optical micro-
scope demonstrates high uniformity and precise integration of WC
charge transfer complexes within the pure PVA sheets. The experi-
mental results demonstrated that the dielectric constant and dielec-
tric loss of the PVA-WC nanocomposites experienced a decrease
with increasing frequency of the applied electric field. The electri-
cal conductivity of alternating current (A.C.) positively correlates
with the current frequency.
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The decisive results suggest that the nanostructures composed of
PVA-WC possess promising prospects for utilization in a wide
range of electrical and electronic nanodevices.
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