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Herein, the Polymethyl Methacrylate/Mutiwalled Carbon Nanotube/Silver (PMMA/MWCNT/Ag) hybrid composite films are
prepared by solvent casting method to be used in an electrical application. The AC conductivity and dielectric characteristics have
been investigated at room temperature. The electrical conductivity of the hybrid composite reaches a percolation critical
concentration of 2.14x10* S/cm by Ag doping. For all PMMA/MWCNT/Ag hybrid composites, the frequency-dependent dielectric
constant decreases as the frequency area widens. As the concentrations of MWCNT and Ag increase, the AC conductivity exhibits an
increasing trend. The MWCNT and Ag content was found to significantly affect the SE of the given composites. A high
electromagnetic (EM) shielding efficiency (SE) was achieved between 8.2 and 12.4 GHz (X-band). The highest EM attenuation of
18 dB at 12 GHz was achieved using 0.5 wt% MWCNT and Ag. The thermal analysis of the formed PMMA/MWCNT/Ag hybrid
composites showed that exothermic reactions with the greatest weight loss took place between 200°C and 300°C. Field emission
scanning electron microscope (FESEM) show that PMMA/MWCNT/Ag hybrid composites had uniform dispersion of the carbon
nano tube and silver particles within the PMMA matrix.

Keywords: Electromagnetic interference shielding;, X-band, Electrical conductivity; Dielectric constant,; Dielectric loss; Thermal
analysis
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INTRODUCTION

An electromagnetic interference (EMI) barrier, preventing the radiation from flowing through it, is formed when
electromagnetic radiation is reflected or absorbed by a substance [1]. Nowadays, protecting against EMI is essential in
the world of electronic systems and components. In the 8.2 to 12.4 GHz (X-band) range, the EMI shielding is very
important for both industrial and military applications, systems for Doppler, weather radar, TV picture transmission,
and telephone microwave [2,3]. Thermoplastics like polycarbonate (PC), polypropylene (PP), polyethylene (PE),
polystyrene (PS), polylactide (PLA), polymethylmethacrylate (PMMA), acrylonitrile butadiene styrene (ABS), or
polyvinylidene fluoride (PVDF) and thermosets like epoxy resins, polydimethylsiloxane (PDMS), or polyurethane (PU)
are two types of polymer matrices that are frequently utilized for EMI shielding materials [4]. There are a variety of
conductive fillers that can be used for functionalizing cork-polymer composites (CPC) such as metal fillers like steel
fibers, copper, and silver nanowires, or metal oxide fillers like magnetite ferrite which can be easily spread in various
polymer matrices. Amongst, the carbon-based fillers, graphite and carbon black are most typically utilized because of
their small weight and strong conductivity [5].

Recently, more research is being done on polymer composites with metallic additives as possible electromagnetic
field shielding materials. The metal-filled polymer composites are beneficial because of their low specific weight, good
corrosion resistance, plasticity, and straightforward, inexpensive production techniques [6]. A wide range of alterations
to polymer composites (in terms of filler type, structure, and content, as well as matrix polymer selection) enables the
control of their electromagnetic characteristics for a given application. Polymer composites with metal fillers remain
one of the most crucial materials to take into account for EMI shielding applications. In addition, metals like silver,
copper, gold, and aluminum are ideal for reflecting light due to their high conductivity [7].

A new type of pollution known as noise, radio frequency interference, electromagnetic radiation, or EMI, which
causes equipment to malfunction, has been produced by the expansion of the use of electronic gadgets [8]. The
development of polymer composites has revealed a novel carbon-based polymer composite. The carbon nanotubes
(CNTs) have demonstrated potential as reinforcement fillers in polymers to improve an EMI shielding material due to
their substantial specific surface area, distinct 3D networking structure, and distinctive electrical structure [9]. Silver
nanoparticles (Ag-NPs) have a significant impact on the field of nanotechnology and are significant due to their unique
optical, electrical, and magnetic properties depending on their particle size [10]. It was also used in electronics, optics,
and other fields due to its high conductivity, antibacterial properties, and chemical stability.

The CNTs and Ag-NPs have recently been able to play a significant role in the creation of nano EMI shielding
materials thanks to their distinctive electrical, mechanical, and magnetic properties [11]. Research on next-generation
EMI shielding materials is now heavily focused on EMI shielding hybrid composites made by combining CNTs and Ag
with organic polymers [12]. MWCNT-PMMA composite films have been reported to have up to 27 dB SE for high
CNT loadings of around 40 wt% by Kim et al. [13] who researched the EMI shielding capabilities of MWCNT-PMMA
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films in the range (50 MHz-13.5 GHz). In situ polymerization and ex-situ manufacturing procedures were used to
prepare MWCNT-PMMA composites. Yuen et al. [14] investigated the impact of processing variables on the EMI
shielding capabilities of these composites. It was reported that the shielding efficiency of EMI of composites prepared
by stacking 10 layers of 0.1-mm MWCNT-PMMA films was higher than a single 1-mm thick piece of bulk 4.76 wt%
MWCNT-PMMA composite, confirming the composite stacking process as a better fabrication method. In addition, it
was deduced that the SE was higher for in situ fabricated composites. Liu et al. [15] showed that PU/SWCNT
composites with a 20 wt% SWCNT loading may produce an EMI SE of up to 17 dB in the 8.2-12.4 GHz range. It was
deduced that the EMI shielding levels for SWCNT- or MWCNT-polymer composites reported up to this point typically
vary between 20 and 30 dB only in the X-band frequency range. Higher values have been seen in the X-band, although
at frequencies other than that. Yuan et al. [16] generated electromagnetic absorbent materials based on the PMMA/CNT
nanocomposite. The dielectric loss of PMMA/CNT nanocomposite foams rose, with a CNT loading of 4-8 wt %, from
2.1 to 10.8 (X-band). This demonstrates that a conducting network of nanotubes formed in the PMMA matrix as a result
of the nanofiller loading. The electrical conductivity of the nanocomposite foam increased as a result, resulting in a
dielectric loss. The layered structure is meant to increase the absorption bandwidth of the PMMA/CNT nanocomposite
foams. The layered nanocomposite foam's absorption bandwidth was 3.5 GHz. The top layer of the foam had a low
dielectric constant due to lower CNT content than the bottom layers, which had higher concentrations of nanofiller.
PMMA and single-walled carbon nanotube (SWCNT) nanocomposites were primed by Das et al. [17]. The percolation
threshold was increased from 1073 to 1072 by the SWCNT loading. The PMMA/SWCNT percolation threshold was
3 wt%. An improvement in the EMI shielding of 40 dB was seen at 200 MHz in the X-band (8-12 GHz) for 20 wt%
SWCNT.

The objective of this study is to investigate the role of MWCNT and Ag as fillers in intrinsically conducting
PMMA polymer in altering the EMI shielding performance of polymer hybrids. For this purpose, various ratios of
MWCNT and Ag are incorporated into the PMMA to obtain the optimum doping ratio. The chemical structure,
electrical conductivity measurement, frequency-dependent dielectric constant, electromagnetic shielding efficiency as
well as thermal analysis of the formed polymer hybrids were investigated and discussed.

1. EXPERIMENTAL DETAILS
1.1. Sample preparation

The MWCNT filler, in this work, had a diameter of 2040 nm and a length of 10-30 pm. The
PMMA/MWCNT/Ag hybrid composite films were synthesized by the solvent casting method. In this method, the
MWCNT and Ag were ultrasonically dispersed in chloroform for 2 h to form a stable suspension. Then, the suspension
was combined with a solution of 3 g PMMA in chloroform to form a combination of PMMA/MWCNT/Ag including
0.1, 0.2, 0.3, 0.4, and 0.5 wt% MWCNT and utilizing a constant ratio of Ag at 0.5 wt%. The mixture was once more
ultrasonically processed for 2 h to achieve a consistent dispersion of MWCNTs and Ag in PMMA. Finally, the thin
polymer film was cast from this solution by pouring it into a Petri dish covered with Teflon spray (diameter ~ 4 cm).
After the solvent had evaporated, the nanocomposite films were allowed to dry at room temperature for a day before
being removed from the glass dishes and cut into pieces for characterization and structural analysis. The thicknesses of
the formed PMMA/MWCNT/Ag nanocomposite film were measured to be around 0.25 mm.

1.2. Sample characterizations

The chemical bonds in the formed samples were analyzed using the Infrared Fourier Transform (FTIR) Analysis. For
this purpose, the FTIR spectroscopy model Shimadzu type FTIR-7600 was used to record the infrared spectra in the
wavenumber range from 400 to 4000 cm™’. The electrical characteristics were carried out by evaluating the resistivity (p) of
the films. The electrical resistance has been measured as a function of temperature (7) in the temperature range of
303-393 K using the following equation [18]: p = RAL, where R is the electric resistance of the sample, A is the film's
cross-sectional area and L is the sample's thickness. From the relationship, the conductivity (o4.) of the films was
calculated: o4, = R—:L. The electrical conductivity, which is determined by the Arrhenius equation and varies exponentially

—Eq

with temperature and is derived by: o4, = g,eksT. The total conductivity was calculated from the following equation:
or(w) = é. The AC conductivity o,.(w) was calculated by using the relation: Gi®) = Gac(®)+04. and

0ac(®) = 61-64c = A®®, where o is the DC conductivity, A is a constant independent of temperature, (o =2zf), and s is
the frequency exponent.

The dielectric permittivity of a material (¢) is considered a complex quantity with a real part (¢;) and imaginary
part (g;) and is given by [17]: & = & + &i. The values of the parallel mode capacitance (C,) and the loss tangent (tan (3))
are used to determine the real and imaginary components of the dielectric permittivity or ¢ and ¢, respectively. For the
frequency range of 10 kHz—100 MHz and room temperature, the values of Cp and tan are calculated. The values of r
and I are determined using the following equations: ¢ = C,de,d; ¢ = ¢'tan(d) and tan(d) = €"’/¢” where & = 90—¢,
d and A are the thickness and cross-sectional area of the sample, respectively, and &, is the permittivity of free space.

The electromagnetic properties of the samples are evaluated by the waveguide technique at X-band frequency
(closed system). The about 1.3 cm thick preparation samples are cut to fit in the cross-section of the rectangular
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waveguide (2.29x1.02 cm?). The sample is positioned inside the waveguide (sample holder) so that it completely
encloses the cross-section to prevent any EM radiation leakage. The incident and transmission energy between
8.2-12.4 GHz is utilized to determine the shielding effectiveness. The SE of the PMMA/MWCNT/Ag hybrid composite
was measured using a network analyzer and the coaxial line technique following ASTM D4935-99 [19] in the
frequency range of 8.2 to 12.4 GHz (X-band). The sum of the contributions from absorption loss (SEa), reflection loss
(SERr), and multiple reflections (SEm) may be used to describe SE (SEwi) [20]. The value of SE was determined and
represented in decibels (dB) using the following equation: SE:owu1 = SEA + SEr + SEwm.

There are descriptions of measuring the glass and various polymer transitions. A hypothesis explaining how a
glass transition appears in a Differential Thermal Analysis device (DTA) thermogram and how to extract the
thermogram's true value is provided. The thermal analysis and thermal stability of the investigated samples were carried
out using the DTA model a TG-209F with a heating rate of 10 °C/min under nitrogen flowing at a rate of 50 ml/min.
For this purpose, around 10—19 mg of the samples were provided at thermal degradation temperatures of 25—400°C.
Field emission scanning electron microscopy (FESEM) provides topographical and elemental information at
magnifications of 10x to 300,000x%.

2. RESULTS AND DISSECTION

The FTIR spectra provide information on the functional groups and chemical structure of the investigated materials.
The FTIR spectrum of pure PMMA film as well as PMMA/MWCNT/Ag nanocomposites are shown in Fig. 1.

For pure PMMA, the left region, between 1500
and 4000 cm™!, is referred to as the diagnostic region,
and the second, between 400 and 1500 cm’!, is referred
to as the fingerprint region that points to the functional
group region. The left region is particularly close to
4000 cm! because it is for the high energy bonds. The
O-H stretching vibration is represented by the peak at
3414 cm™!, while the C=O stretching vibration from
PMMA is characterized by the absorption band at
1732 cm™!. The C-O stretching vibration in PMMA is
shown by the absorption band at 1147 cm™. The
absorption band at 1242 cm™ indicates C-C from
PMMA, while the absorption band at 2951 cm'!
corresponds to C-H stretching in that area. A strong
peak at 1736 cm™! was seen belonging to the ester
carbonyl group's (C=0) stretching vibration. The large
peak between 1260 and 1000 cm™ can be attributed to
the stretching vibration of the C-O (ester bond). The
s bending of C-H is what causes the broadband from
950-481 cm™'. It is possible to attribute the peak at
2935 cm! to -CH stretching, which is consistent with
other work [17].

The FTIR spectrum for PMMA/MWCNT/Ag
hybrid composite exhibits three distinct peaks, C=0,
O-H, and C-O. These peaks are the result of oxidation
PMMA/MWCNT/Ag 7 forming the COOH groups on the surface of MWCNTs,
which demonstrated an aromatic skeletal vibration
(C=C stretching) at 1615 cm’. The absorption band
observed at 1540 cm™' is more likely from the C=C
Wavenumber (cm‘1) stretching mode of CNTs. The C=O stretch of
the -COOH group is responsible for the peak that was
seen at 1731 cm™!. Stretching vibrations are responsible
for the wide peak between 4000 and 2900 cm’!, while
the peak at 1195 cm™ is due to -O-CH; stretching
vibrations. Peaks for C=C stretching and O-H broadening stretching are located at 1660 and 3307 cm™!, respectively.
Due to the existence of ester carbonyl group stretching vibration, or C=0 stretching, a peak was visible at 1872 cm™'.
The stretching vibration of the C-O (ester bond) can be used to explain the wide peak spanning from 1260 to 1000 cm.
The peak for N-H stretching is at 3394 cm’!, followed by C-O stretching at 1731 cm™, C-H bending at 1057 cm’!, and
C-O stretching at 3433 cm!. The absorption bands for O-H bending and C-O stretching are at 1410 cm™ and 1090 cm™,
respectively. The peaks at 2920 and 2850 cm™ are connected to the C-H stretching mode, whereas the strong peak at
3440 cm! is related to the O-H stretching of the hydroxyl group. The principal silver peaks were seen at 2927, 1631,
and 1383 cm™!. A distinct and powerful absorption band at 1631 cm™ was visible in the spectra and was identified as the
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Figure 1. FTIR spectra for pure PMMA and PMMA/MWCNT/Ag
hybrid composites.
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stretching vibration of the (NH) C=0 group. A band at 1383 cm! was created for the stretching of C-C and C-N; while
a strong peak at 2927 cm! was attributed to the stretching vibrations of C-H and C-H (methoxy compounds).

The DC electrical conductivity () for PMMA/MWCNT/Ag hybrid composite films for various ratios of MWCNT
and Ag at a temperature range of 30-120 °C is shown in Fig. 2. The findings indicate that the value of for PMMA was
around 1.1x107 (S-cm™!) and the value of for PMMA/MWCNT/Ag is shown in Table 1.
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Figure 2. Electrical conductivity (c) versus (%) for pure PMMA and PMMA/MWCNT/Ag
hybrid composites with ratios of MWCNTs of 0.1, 0.2, 0.3, 0.4, and 0.5 wt%.

Table 1. Electrical conductivity (o) and activation energy (Ea) for electrical transition, the exponential factor (s) for
PMMA/MWCNT/Ag hybrid composites.

MWCNT ratio (wt%) 0 0.1 0.2 0.3 0.4 0.5
6 (S/cm) 3.21x10° 1.05x1077 2.54x107 1.01x106 1.57x10°3 2.15x10*

Ea (eV) 2.36 2.1 2.09 1.96 1.88 1.52

S 0.94 0.66 0.64 0.63 0.55 0.39

The following may be used to explain why PMMA/MWCNT/Ag hybrid composite films have increased d.c electrical
conductivity: The presence of MWCNTSs and Ag as filler in the PMMA matrix aids in the creation of broad conductive
networks that enable the movement of electrons inside the composite and that MWCNTs induce the current to flow even if
there are no direct connections between MWCNTSs. The electrons can travel through the insulator with a certain probability
between conductive components (MWCNTSs) in a process known as "quantum mechanical tunneling”". In addition,
electrons can go between conductors by "tunneling" through the insulating layer to put it another way. A low percolation
threshold and conventional percolating network characteristics were displayed by the carbon nanotube network. Although
silver has high conductivity qualities, metal is costly and bulky [6]. With a high aspect ratio and distinctive conductivity,
MWCNTs have mostly been utilized as conductive fillers up until this point due to their low density.

The insulating PMMA matrix becomes conductive plastic when MWCNT is added, as seen in Fig. 2. The loading
of MWCNT from 0.1 to 0.5 wt%, and 0.5 wt% Ag increased the electrical conductivity of the PMMA. Only 0.5% of
MWCNT/Ag added to PMMA produced conductivities as high as 2.15x10* S/cm. The conductivity was enhanced in a
traditional percolating manner with a percolation threshold of roughly 0.5 wt% due to the widespread usage of used Ag
as a conductor wire in circuits that call for high conductivity. Although individual MWCNTSs have great characteristics,
their microscale length necessitates electron percolation from one CNT to another, often thousands of times. The greater
resistance of the MWCNT-MWCNT junction significantly lowers the electron mean free path, lowering the electrode's
conductivity. The Ag-NPs are the most well-known choices for enhancing MWCNT network conductivities due to their
high conductivity, chemical stability, and compatibility with sintering even at low temperatures.

The table illustrates the link between In(oq.) and the inverse absolute temperature of nanocomposites. From the
fitted lines the slope can be used to characterize the activation energy (E.), and the findings revealed that the
PMMA-/MWCNT/Ag hybrid composite reduced the activation energy values of samples owing to the effect of the
space charge, with high values E, ranging from 2.36 eV to 1.52 eV. In the prohibited energy gap, it also generates local
energy levels that interact to trap charge carriers that jump between levels, and the conduction process lowers the
concentration of hopping. The activation energy is low for PMMA/MWCNT/Ag at (0.5 wt%) due to the formation of a
continuous network of carbon nanotubes and silver inside the hybrid composite that contains routes that aid charge
carriers in passing through, and it decreases as the loading ratio of MWCNT and Ag increases. The voids in the carbon
nanotube network must be bridged with another conductive material, such as silver, which has no voids, or at least with
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a much smaller scale void pattern that has high transparency, high conductivity, and solution processability [15]. This
will also result in low sheet resistance and a uniform conductive film.

AC Conductivity

Figure 3 shows the AC electrical conductivity of PMMA for 10 kHz to 10 MHz at room temperature along with
different amounts of MWCNT and Ag integrated. The MWCNT and Ag network's connection and electron transport
mechanism in the polymeric matrix is revealed by the hybrid composites’ AC conductivity. It has been shown that all
samples' conductivities rise with frequency, however, PMMA's conductivity is lower than that of its MWCNT, Ag. This
may be explained by dipoles' propensity to point in the direction of the applied field in polymeric materials [11,12].

The AC conductivity is derived by subtracting the AC conductivity from the total conductivity. Figure 3 depicts

the frequency dependence of AC conductivity. The graph clearly shows that as frequency increases, a.c. increases. One
may determine the frequency exponent (s), which is less than one, by computing the slope of the straight lines in Fig. 3.
The average values of (s) appear to be consistent with protons acting as charge carriers that hop across polymer chains.
10 ' ' ' ' The hybrid composite including MWCNT/Ag (0.1-0.4/0.5 wt%)
demonstrates frequency-dependent conductance and is within the
5 ] percolation threshold, except for its conductance being an order of
magnitude larger. At low filler loading, there is not enough filler to
o A form a conductive network; hence, AC conduction occurred via the
tunneling current. The percolation threshold was likely created by the
A interaction of the nanotubes and silver to create conductive pathways,
and the increase in AC conductance is attributed to the leakage
s o v 03 current, according to a significant rise in conductance at
° 01 ¢ 04 MWCNT/Ag (0.5/0.5 wt%) [16].
45 ——— PMMA/MWCNT/Ag hybrid composites plotted against each
oo 13In(1(:)) (1Ii|z)16 voem other at different ratios showed the exponential factor (s). As seen in
Table 1, the values of s for all composite samples are quite small. As
a result, it can be concluded that conductivity occurs during hopping.
However, the exponents fluctuate as the filler content varies, and
increases in exponents are attributed to the increase in charge carriers
caused by the addition of MWCNT and Ag. The results showed that between 10 kHz and 10 MHz, the "total" climbs as
frequency increases.

All of the PMMA/MWCNT/Ag hybrid composites have had their dielectric characteristics examined. For all of the
composites, Figs. 4a and 4b depict the frequency-dependent fluctuation in dielectric constant and dielectric loss. Ag at
an increase in frequency with a drop of and" at high concentrations, and the higher frequency loss becomes virtually
constant at lower MWCNT concentrations. Because there are two types of dielectric losses, this suggests that dipoles
organize themselves along field direction at low frequencies to increase overall polarization. The first is known as
conduction loss and is caused by the actual charge flowing into the dielectric. The second is known as dielectric loss
and is caused by molecules' or atoms' spins in an alternating current field [21, 22].

Figure 4c illustrates how the value of the loss tangent rises with frequency, reaches a maximum at a certain
frequency, and then falls at higher frequencies. The lack of dielectric materials to follow the applied electric field causes
a loss tangent to arise, which is characterized by the generation of heat.
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Figure 3. In(o) versus In (®) for pure PMMA and
PMMA/MWCNT/Ag hybrid composites with ratios
of MWCNTs of 0.1, 0.2, 0.3, 0.4, and 0.5 wt%.
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Figure 4. (a) real (&), (b) imaginary (&i) parts of dielectric constant, and (c) loss tangent (tan(d) versus In(w) at the temperature of
323 K for pure PMMA and PMMA/MWCNT/Ag hybrid composites with ratios of MWCNTs of 0.1, 0.2, 0.3, 0.4, and 0.5 wt%.

Electromagnetic Interference shielding (EMI)
High reflection and low absorption should generally define the EMI shielding material. The best course of action
in this situation is to apply a few layers of the copper-filled composite material that reflects light, as illustrated in Fig. 5
The SE of EMI of PMMA/MWCNT/Ag hybrid composites increased with MWCNT and Ag content because carbon
nanotubes (CNTs) comprise electrically conducting organic nanomaterials, and their composite displays significant
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EMI shielding capabilities. By layering 0.1 mm thick MWCNT/Ag/PMMA composite films, it was feasible to achieve
EMI shielding effectiveness of up to 19 dB in the frequency range of 8.2-12.4 GHz (X-band).

The different carbonaceous fillers' EMI shielding capabilities are in-depth studied. In the live broadcasting,
entertainment, aviation, and defense industries, electromagnetic interference (EMI) has been a major source of worry
since it can worsen while critical radio signals are present. Due to their flexibility, low density, high mechanical
strength, high thermo-stability, high electrical and thermal conductivity, outstanding fracture toughness, and high
friction/wear resistance, organic polymeric composites containing carbonaceous fillers are frequently employed to
lessen the impact of EMI. Many carbon-based materials, both in mono and compound form, are employed as EMI
shielding materials. Although increasing the number of MWCNT would increase the shielding capacity, doing so would
make it more difficult to produce composites with large MWCNT volume fractions. By including 0.5 wt% of Ag in all
composites, these flaws may be fixed, and the superior conductivity of silver is retained while still enhancing the
interfacial contact of MWCNT, which agrees with other works [16,17].

Hybrid particles, which were created by fusing metal and
polymer, have shown advantageous qualities including

54 %NWA/\F | conductive composite, EMI shielding, electromagnetic wave
absorption, catalysts, batteries, and sensors. The metal with

o " W/MM\ specified electrical conductivity properties can be used in a
) i variety of industrial applications, including shielding against
w "7 radio frequency interference (RFI), electrostatic discharge
n 20, ] (ESD), electrically conductive adhesives, and circuit
—04 components in microelectronics. Silver is the single metal
_25_:g:§ 1 with the highest electrical conductivity, and unlike other
——04 metals, its oxide form is also electrically conductive. These
-30 05 . . . benefits have led to silver's predominant use in a variety of
s 9Frequ¢1aoncy ((-.‘:1Hz) 2 sectors as a polymer/silver composite. However, the Vo}ume
proportion of silver was spread in the polymer matrix to

Figure 5. Electromagnetic interference (EMI) shiclding  achieve excellent electrical conductivity.
(SE) versus frequency for PMMA/MWCNT/Ag hybrid One of the practical approaches favored for material
composites with ratios of MWCNTSs of 0.1, 0.2, 0.3, 0.4,  characterization is TGA-DTA. Using this method, changes
and 0.5 wt%. brought about by breakdown, transformation, and formation

processes during a controlled heating process may be examined. Samples were heated at a rate of 5C/min from ambient
temperature to 350°C. The endothermic action shows the elimination of the chemically bonded water at higher
temperatures of 200—300°C. The exothermic effect discovered in the temperature range of 200 to 350°C was attributed
to the combustion of organic materials that weren't completely burned during firing in reducing conditions and
transformed into carbonaceous particles, which are believed to have been purposefully added into the PMMA. The
thermal degradation of PMMA in an oxygen-containing environment (O, Air) initially results in an increase in the
PMMA thermal stability as the temperature for the commencement of mass loss rises by 50°C and 70°C. A gas-
containing atmosphere (Air) destabilizes the PMMA at about 230-250°C, accelerating the thermal breakdown process.
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Figure 6. (a) Differential Thermal Analysis (DTA) and (b) mass versus temperature (T) for pure PMMA and
PMMA/MWCNT/Ag hybrid composites

The melting peak changes to lower temperatures emerge at (153.84°C, 121.45°C, and 125.67°C) in Figs. 6a
and 6b DTA and TGA curves of pure PMMA and PMMA/MWCNT/Ag. These curves exhibit one mass endothermic
peak that represented the melting point of the raw materials (PMMA, MWCNT, and Ag). The curve also demonstrates a
significant endothermic reaction beginning at 114°C and continuing to 140°C. The level of adsorption is typically
higher than the molar mass of the PMMA. This is predicted because just a portion of the polymer chain was adsorbed,
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whereas the remaining chain is more likely to bind to the MWCNT surface by CH interactions. The MWCNTs exhibit
minimal mass loss owing to the presence of amorphous carbon and other impurities and are thermally stable across the
whole temperature range investigated (up to 600°C) [20]. Additionally, when the accessible MWCNT surface area
increases, more polymer may adsorb, which leads to PMMA adsorption when the number of MWCNTs is increased.
The PMMA/MWCNT/Ag sample's TGA/DTA diagrams show a weight loss as a result of the carbon layer's thermal
degradation, which begins at 279-309°C and 278-305°C, respectively. The DTA diagram's exothermic peak, which is
located at 288°C and 290°C, respectively, denotes the exothermic curves caused by the crystalline phase of composites
and thermal breakdown. The DTA plot shows a large endothermic peak between 200 and 300°C, which is mostly due to
the crystallization of additional silver nanoparticles to hybrid PMMA/MWCNT. The DTA profiles show that the
material completely cooled and crystallized at the same time.

The properties associated with polymer matrix composites are the functions of the filler size, shape, dispersion
and the matrix and filler interactions. In this work the filler shape and size is same throughout the experiments. The
main purpose of FESEM is to check the degree of dispersion and filler matrix interaction. The FESEM analysis
surface morphology of the samples shows the micrographs of pure PMMA and PMMA/MWCNT/Ag at
0.1/0.5 concentration is showing good dispersion into the matrix dispersed in PMMA. From the Figures it is
observed that dispersed MWCNT, Ag filler particle creates considerable change in the morphology of the pure
PMMA film. The SEM images of the pure PMMA shows a pores and granular structure while the MWCNT, Ag
dispersed PMMA matrix exhibits a smoother and more compact amorphous surface morphology, i.e., no major
cracks were obtained. It is important to mention that the PMMA particles retained their exhibit spherical morphology
after being deposited and cured because they weren't fully melted during the heating process for the film formation.
the good dispersion of Ag-NPs results in an essential enhancement in the properties of the fabricated PMMA/Ag
nanocomposites. The FESEM image of the hybrid composite fi Im shows a homogeneous dispersion of MWCNTs,
Ag in PMMA (Fig. 7) with no aggregation of nanotubes even with 0.5/0.5% loading which suggests that
ultra-sonication is quite useful in dispersion of the tubes in PMMA that enhanced electrical properties and showed
high electrical conductivity and EMI shielding properties.

SEM MAG: 70.0 kx WD: 5.44 mm MIRA3 TESCAN SEM MAG: 135 kx WD: 5.43 mm | MIRA3 TESCAN
Det: SE SEM HV: 15.0kV 500 nm Det: SE SEM HV: 15.0KV | 200 nm
Date(m/dly): 02/12/23 SUT - FESEM Date(m/dly): 02/12/23 SUT - FESEM

SEM MAG: 69.9 kx | WD: 5.28 mm MIRA3 TESCAN SEM MAG: 135 kx WD: 5.27 mm MIRA3 TESCAN
Det: SE SEM HV: 15.0 kV 500 nm Det: SE SEM HV: 15.0 kV 200 nm
Date(m/dly): 02/12/23 SUT - FESEM Date(m/dly): 02/12/23 SUT - FESEM

Figure 7. Field Emission Scanning Electron Microscope (FESEM) for pure PMMA and PMMA/MWCNT/Ag hybrid composites
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Figure 7 showed that the fabricated Ag-materials were of a mean size of about 30 nm i.e. Ag-NPs were dispersed in
PMMA/MWCNT/Ag nanocomposites and led to well significant results on the wvarious characteristics of
PMMA//MWCNT/Ag nanocomposites such as electrical, thermal, shielding properties. Homogeneous dispersion of
Ag-NPs is preferred to avoid the formation of crack creativities in the PMMA/MWCNT nanocomposites loaded (0.5%wt)
on the distribution and the dispersion of the Ag-NPs as nanofiller in the PMMA/MWNT/Ag nanocomposites matrix.

3. CONCLUSION

PMMA/MWCNT/Ag hybrid composite display electrical conductivity of around 2.14x10** S/cm as a percolation
critical concentration is obtained at 0.5 wt% for MWCNT and 0.5 wt% for Ag. Dielectric properties have been tested
across a wide frequency range. The AC conductivity varies with variations in MWCNT and Ag concentrations, as well
as with applied field frequency and dielectric constant, illustrative of the significantly improved permittivity of these
hybrid composites. Increased frequency causes a reduction in the dielectric constant, dielectric loss, loss of tangent, and
dielectric loss. The PMMA/MWCNT/Ag hybrid composite's shielding performance is significantly influenced by the
weight proportion (0.5 wt%/0.5 wt%) of MWCNT and Ag, which increases the X-band shielding efficiency. According
to TGA/DTA research, exothermic reactions cause the majority of weight loss between 200 and 300°C. FESEM show
that PMMA/MWCNT/Ag hybrid composites had uniform dispersion of the carbon nano tube and silver particles within
the PMMA matrix that due to filler presents large surface area for better interfacial bonding between the matrix and
particles.
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NIIBUINEHHA EKPAHYIOUYOI EOEKTHBHOCTI TTEPHTHOT'O KOMITO3UTY PMMA/MWCNTS/Ag
JUIs1 BACTOCYBAHHS B X-ATAITA3OHI
Bania Ieman Anaei, Haxa A66ac Ani
Darxynemem ¢izuxu, Haykosuil konedc, bacoadcvruil ynisepcumem, Bazoao, Ipak

IiOpuaHi KOMMO3WTHI IUTIBKM OaraTolnapoBi MOJiMETHIMETaKpuiaT/ByrieneBi HaHoTpyOku 3i cpibiom (PMMA/MWCNT/Ag)
OllepXKaHi METOJOM JUTTS 3 PO3YMHHUKA TSI BUKOPUCTAHHS B €NEKTpOTeXHimi. [IpoBiAHICTH 3MiHHOTO CTPYMY 1 Hi€IEKTPUYHI
XapaKTePUCTUKH Oy TOCTiKEHI TpH KIMHATHIA Temmepatypi. EnekTponpoBigHicTh TiIOPHUIHOTO KOMITO3HUTY IOCATA€ KPUTHYHOI
KoHUeHTpawii nepkomsnii 2,14x10% cm/cMm 3a paxynok neryBanus Ag. Jlns Beix riGpumnmx xommosutie PMMA/MWCNT/Ag
YaCTOTHO-3aJIEXKHA JieJeKTPUYHA IPOHHUKHICTh 3MEHIIYEThCS 3 PO3IMHUPEHHSIM Jialla3oHy 9acTOT. 31 30LIBIICHHSM KOHIEHTpAIil
MWCNT Ta Ag npoBiJHICT 3MIHHOTO CTpyMy Ma€ TeHJEHILIo 10 30inbiieHHs. Beranosieno, mo 3mict MWCNT Ta Ag icTtoTHO
ButiBae Ha SE nanux kommosuTiB. Bucoky edexruBHicTb enekrpomarnitHoro (EM) expanysanns (SE) Oyio mocsruyTo B nianasoHi
gacror Bia 8,2 mo 12,4 I'Tm (X-miamazon). Makcumaneie EM 3racanns y 18 nb Ha wactoti 12 I'Tu Oyno mocsArHyTO mpH
BukopuctanHi 0,5 mac.% MWCNT ta Ag. Tepmiunuii ananiz chopmoBanux riopuauux komno3utis PMMA/MWCNT/Ag nokasas,
110 eK30TepMiuHi peakuii 3 HaWOLIBLIO BTPAaTOI MAacCH MpPOTiKaioTh B iHTepBasi Temmepatyp Bix 200°C mo 300°C. Ckanyrounit
CJIEKTPOHHUI MiKpOCKOII 3 moNkoBoto eMiciero (FESEM) nokasye, mo ribpuani kommozutu PMMA/MWCNT/Ag MaroTe 0qHOPITHY
TUICTICPCiIO BYTJICIEBUX HAHOTPYOOK Ta YaCTHHOK Ccpibia y MaTtpuui PMMA.

Ki11040Bi ¢10Ba: expanysanHs enekmpomasHimHux nepewrod; X-0ianazon; eneKmpuyHa nposioHicmb; OieNeKmpUuyHa NOCMIlHA,
OleleKmpUYHI 6Mpamu, MepMiYHULL AHAI3



