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Effect of gamma irradiation on the electrical and
optical properties of PEVA composite membrane
embedded with conductive copper fluoroborate
glass powder
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A series of thin films of poly (ethylene-co-vinyl acetate) (PEVA) mixed with different amounts of
conductive fluoroborate glass powder doped with copper oxide particles (0, 0.2, 0.4, 0.6, 0.8, 1, 1.3 and 15
wt%) were prepared via a melt-quenching technique. The effect of irradiation dose exposure up to 40 kGy
was investigated at room temperature in the air. Meanwhile, the homogeneity of glass powder dispersion
on the PEVA matrix was studied based on the crystallinity of the composite sheets and morphology using
X-ray diffraction (XRD). Field-emission scanning electron microscopy (FE-SEM) revealed that the
homogeneous distribution of CuO nanoparticles through the entire polymer matrix was the main feature of
the polymer-reinforced samples. In addition to dielectric properties, frequency and temperature
dependencies were studied. Further, the thermal stability of the composite sheets was investigated. Optical
studies revealed that the bandgap energy and content of conductive glass decreased with radiation. The
conductivity of the composites oac(f) was evaluated according to Jonscher's universal power law. Further,
the addition of conductive glass to the PEVA improved the thermal stability of the composites (20 °C to
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80 °C), as measured experimentally. The conductive glass additive enhanced the structural, morphological,
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optical, thermal, and electrical properties of PEVA for industrial applications.

1. Introduction

Recently, the industry has increased the application of polymeric
materials with electrical conductive properties. Therefore, research
and development (R&D) is required, especially for properties such as
elastic, electrical, and optical properties. Because of their high
tensile strength, ease of preparation, low cost, and flexibility,
polymers are good candidates for many industrial applications.'”

Conductive polymer-glass composite films have gained great
attention owing to their excellent dimensional stability, safety,
manufacturing simplicity, electrochemical characteristics, and
processability.*® However, the use of polymer sheets faces
some limitations as they have low ionic conductivity. Low ionic
conductivity in polymers originates from the ionic transport
mechanism, which depends on the movement of ions within
the polymer due to additives such as lithium ions®* that lead to
local relaxation of the movement of polymeric chains. Solid
polymer electrolytes with inorganic additives are used in poly-
mers to improve not only electrical properties but also mechan-
ical properties and thermal stability.”

Many studies have been carried out to enhance the optical
and electrical properties of polymers by doping inorganic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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oxides, which enhance dielectric properties. Inorganic addi-
tives were used with polymers not only to improve electrical
properties but also to improve mechanical properties and
increase thermal stability.® The electrical conductivity of many
polymers including polyethylene glycol (PEG),’ polyvinyl pyrro-
lidone (PVP)," polyvinyl chloride (PVC),"* and polyvinyl alcohol
(PVA)" has been improved by the addition of inorganic metal
oxides such as copper, titanium, aluminum, and lithium.****
In our previous research work, polyelectrolyte membranes
based on phosphorylated-PVA/cellulose acetate were investigated
for direct methanol fuel cell applications' by doping oxidized
cellulose with Bij sNag 25K »5TiO; films fabricated for optoelectro-
nic application.’® Further, novel glass material-based (PVA/PVP/
Al,0;3/Si0,) hybrid composite hydrogel membranes have been
synthesized for industrial applications."”

Polyethylene vinyl acetate (PEVA) has excellent properties
including a low melting point, resistance to UV radiation, and
good clarity and gloss due to which it is competitive with
rubber in many electrical applications.'® Moreover, PEVA has
high electrochemical stability, high flexibility, excellent tensile
strength, and compatibility with inorganic oxides and carbo-
naceous materials that can be used in the production of
conductive sheets and thin transparent films easily without
plasticizers or laxative additives.'™2*

Ionizing radiation is used as a green method for obtaining new
materials with excellent properties.”> However, this can lead to
changes in polymer properties as the radiation can break bonds
and form free radicals to create new bonds with the reactants, thus
imparting unique qualities to conventional polymers.® These
characteristics depend on the materials used and irradiation dose.
Incorporating semiconductor glass as a filler in polymer mem-
branes improves three-dimensional stability and thus enhances
mechanical strength. The effects of doping CuO, CoO, Fe,0;, and
NiO in 20NaF-60P,05-20Na,O on its dielectric properties were
investigated, and the results indicated improved ac conductivity
and increased charge carrier motion caused by an increase in
polaron hopping of ions between their valence states.>*

Glasses are highly three-dimensional disordered structures
containing varied-sized tunnels that form a network. Small-sized
cations like lithium ions are preferred for improving the electrical
conductivity of glasses, whereas large-sized cations are not suita-
ble for this purpose because they can block the tunnels.>® Boron
oxide is a known dopant used in borate glasses, which are famous
next to silicate glasses. Borate glass is different from silicate
glasses since the former has two structural units, namely trian-
gular [BO;] and tetrahedral [BO,] units,*® while silicate glass has
only one tetrahedron [SiO,] structural unit.>” When alkaline/alkali
oxides are incorporated in borate glass units, the BO; < BO,
conversion process occurs, and changes in physical properties are
observed.”®

Moreover, alkali fluorides, such as LiF, can eliminate -OH
groups from the borate network structure to give a 3-D network
and cause BO; and BO, to be converted into BO2F and BO3F
units,”® thus endowing new structural and physical properties
to borate glasses. Hence, lithium ions add good electrical
properties to fluoroborate glasses because the smaller size of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Li" ions allows them to hop easily through the tunnels inside
the glass network and enhance the movement of charges, thus
enabling the glass systems to be used in solar energy converters,
electrochemical devices and energy batteries.”® However, when
transition metals (e.g. copper oxide) are added to the fluoroborate
network, the semiconductor characteristics can be obtained.* Due
to the unique hopping mechanism related to the different electro-
nic valences of transition metals, copper ions can exist in the
glassy matrix as metallic copper Cu®, cuprous Cu' or/and cupric
Cu*" with the electronic structure (3d'® 4s"). Color centers can be
created as Cu®" ions can give blue glass; however, if a majority of
copper ions exist as Cu" rather than Cu®’, the glass will appear
green.”’ The hopping mechanism involves the hopping of elec-
trons between valences and being trapped by positive-charged
holes as electrons of lower valence (Cu') move into higher valences
(Cu®) and combine with optical phonons.*® Cu* exhibits broad
bands in optical studies due to the coupling of s-electrons and
phonons besides the s — d transition.*

In this study, copper fluoroborate glass powder was pre-
pared by a facile method through a melting-quench technique
and loaded as a conductive filler in the PEVA polymeric
membrane. The effects of gamma irradiation on the structural,
optical, and electrical properties of the prepared composite
films were intensively investigated. The results show that the
resultant properties entirely depend on the internal hopping of
lithium ions and the changes in the valence of the copper ions.
The gamma irradiation enhanced the physical properties of the
prepared composite films, rendering them suitable for con-
ducting polymer applications in electronic devices.

2. Materials and methods

2.1. Materials

For the polymer membrane, ethylene vinyl acetate (PEVA) (melt flow
index 19 g for 10 min, melting point of 67 °C, containing 18% vinyl
acetate) was supplied by Arkema Inc., North America, Colombes,
France. The structure of PEVA is shown in Scheme 1. The raw
materials used for glass preparation, including boric acid (H;BO3),
cadmium carbonate (CdCOs), sodium carbonate (Na,COj3), sodium
fluoride (NaF) and copper oxide (CuO), were of commercial grade
and were purchased from Sigma Aldrich, Germany.

2.2. Gamma irradiation facility

Gamma irradiation of the samples was carried out using the
%Co source in the gamma chamber-4000A installed at the
National Center for Radiation Research and Technology,

HsC
0=C¢
LD
AR
H Hl, LH H],

Scheme 1 Chemical structure of PEVA.3*
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Egyptian Atomic Energy Authority, Cairo, Egypt. It was manu-
factured by the Atomic Research Center in Bombay, India. The
compounds were subjected to gamma irradiation in the air at
room temperature. The irradiation was carried out at a dose
rate of 1.3 kGy h™.

2.3. Preparation of the glass samples

A homogenous mixture of 60 mol% B,0Os, 10 mol% CdO,
15 mol% Na,O and 15 mol% NaF was doped with 5% CuO.
The raw materials were mixed and melted in a porcelain
crucible at 1100 °C in an electrical furnace for 1 h. The molten
sample was then poured on a hot pure stainless-steel mold to
quench the sample. The resulting sample was placed in an
annealing furnace quickly, annealed at 300 °C for 1 h and left to
cool down naturally till it reached room temperature. The
obtained sample was crushed into chunks and ground by ball
milling to a fine powder with a particle size of about 45 pm.

2.4. Preparation of the PEVA composite membrane

Polyethylene vinyl acetate was melted in a hot mixer twin-screw
operated at a speed of 80 rpm at 120 °C for 5 minutes. The
conductive glass powder prepared was added at different propor-
tions and mixed for 15 minutes until complete homogeneity of
the composite mixture was achieved. The mixing process was
carried out without laxatives. Different amounts (0, 0.2, 0.4, 0.6,
0.8, 1, 1.3 and 1.5 wt%) of the prepared conductive powder glass
were used for the production of composite membranes, as shown
in Table 1. The mixed composite samples were pressed to form
sheets by using a Carver hydraulic hot press at 110 °C and a
pressure of 160 kg cm™> for at least 5 minutes on the mold
surfaces. The prepared composite sheets were subjected to
0Co-gamma rays at an irradiation dose of 50 kGy at a dose rate
of ~ 1.3 kGy h™".

2.5. Characterization techniques

The X-ray diffraction (XRD) patterns of all prepared samples
were acquired using an Empyrean 3 diffractometer from
Malvern Panalytical, France. The phase structure of the samples
was analyzed by XRD data obtained on a Bruker D8 Advance
diffractometer with Copper K radiation (radiation wavelength =
1.54056 nm) operated at 40 kV and 40 mA. The sample was scanned
in the 20 range of 10-60° in the step-scan mode (0.02° per step).
The morphology and chemical compositions of the prepared
membranes were investigated by field-emission electron

Table 1 Formulations of PEVA composite membranes embedded with
the copper fluoroborate conductive glass powder

Sample code PEVA (g) Glass powder (wt%)
S1 EK1 100 0.0

S2 EK2 99.8 0.2

S3 EK3 99.6 0.4

S4 EK4 99.4 0.6

S5 EK5 99.2 0.8

S6 EK6 99.0 1

S7 EK7 98.7 1.3

S8 EKS8 98.5 1.5
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microscopy (FE-SEM) (Model-Quanta FEI200, FE-SEM, Thermo-
Scientific, USA). FT-IR spectra were recorded in the spectral range
of 4000-400 cm ™' using a Vertex 70 (Cary series, Bruker, Germany).
The optical properties of the samples were measured by UV/visible
spectroscopy (Cary series UV/vis, Bruker, Germany). Absorption
and transmittance values were recorded in the wavelength range of
300 nm to 800 nm. The optical parameters were estimated using
known empirical equations. The dielectric characteristics were
measured as functions of frequency at room temperature using
an LCR meter (Haioki 3533, Japan) in the range of 100-200 kHz at
a potential difference of 1 mvV.

3. Results and discussion

3.1. X-Ray diffraction

The XRD patterns of all the samples before and after irradiation
are indicated in Fig. 1(a and D), respectively. The samples were
measured from 20 = 10° to 60° with a step size of 0.2°. The
diffraction patterns demonstrate two peaks at 260 21.3° and 23.5°,
which can be attributed to the diffraction planes (110) and (200)
related to the PEVA polymer, respectively.' The characteristic peaks
of the PEVA polymer were identified in all the prepared samples.
Meanwhile, for oxide-included oxide materials, no diffraction
peaks were observed due to the amorphous nature of the oxide-
incorporated glass powder. No other diffraction peaks belonging
to impurities or foreign materials were observed, confirming the
purity of the cast membrane samples.

For the irradiated samples, the XRD patterns demonstrated a
crystalline structure, with diffraction peaks at 20 = 21.3° and 23.5°
corresponding to the (110) and (200) diffraction planes, respectively.
Moreover, the irradiated samples exhibited more intense peaks than
the non-irradiated samples. The intensity increment might be
directly related to the crystallinity of the prepared materials." An
additional feature related to the noise level was observed, with the
irradiated samples showing less noise than the non-irradiated
samples (Fig. 1a and b).

3.2. FT-IR spectroscopy

The chemical bonding formed between the constituents of the
synthesized structures was confirmed through FT-IR measure-
ments. The FT-IR absorbance spectra were recorded in the spectral
range from 4500 up to 400 cm ™", as depicted in Fig. 1(c and d). The
band assignments are tabulated in Table 2. The FI-IR analysis
characterized the presence of absorbance bands in the frequency
range lower than 1000 cm ™, confirming the presence of metal
oxide ions.

Moreover, the bands assigned to the PEVA polymer agree with
previously published reports.>” The peak intensity did not change
as the amount of the dopant increased. This can be due to the good
dispersion and distribution of the dopant inside the PEVA matrix.

3.3. FE-SEM investigation and EDX analysis

The SEM images of all samples were observed to investigate the
morphological features of the samples and trace the distribu-
tion of the incorporated glass powder in the matrix of the PEVA

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD patterns of the PEVA composites (a) before and (b) after irradiation. (c) FT-IR spectra and (d) magnified IR spectra at lower wavenumbers
(500-1100 cm™?) of PEVA mixed with different amounts of conductive ground glass particles (0, 0.2, 0.4, 0.6, 0.8, 1, 1.3 and 1.5 wt%).

Table 2 FT-IR band assignment of PEVA samples mixed with different amounts of conductive ground glass powder particles (0, 0.2, 0.4, 0.6, 0.8,1, 1.3

and 1.5 wt%)

Wavenumber (cm ) Functional group

Type of vibration

2916 -CH,-

2845 -CH,-

1738 C=O0 easter
1468 -CH,-

1369 -CH;-

1237 C-0

1023 =C-0-C
721 -CH,-

polymer. The surface morphology of the sample without the
glass was also captured at the same magnification for compar-
ison. The elemental composition was confirmed by EDX, which
is an effective tool for quantifying the ratio of constituents. The
SEM images of all the prepared samples are shown in Fig. 2.
The SEM micrograph of the glass sample (Fig. 2a) displayed
sharp-edged fragments with irregular shapes and varied sizes.
Moreover, the SEM images in Fig. 2b to g represent the PEVA
polymer containing different ratios of glass fragments. The EK1
sample displayed a smooth background, which represented the
polymer matrix, while CuO was seen as white dots on the
background. The main feature of the polymer-reinforced sam-
ple was that the CuO nanoparticles were distributed homoge-
neously in the entire polymer matrix. In the EK2-EK8 samples,
two distinct components (CuO and glass particles) were appar-
ent. The difference in size between the CuO and glass

© 2024 The Author(s). Published by the Royal Society of Chemistry

Antisymmetric stretching

Symmetric stretching

Stretching

Deformation in the plane

Deformation in the plane

Antisymmetric stretching

Symmetric stretching

Inner rocking vibration of CH, in the amorphous part

fragments could be distinguished. As the ratio of glass
increased, the amount of white dots representing the glass
fragments increased by 1%. Further increment in the glass
fragment ratio resulted in agglomeration, as seen clearly in
Fig. 2h and i.

The elemental analysis was performed to confirm (quantita-
tively and qualitatively) the elemental composition of the pre-
pared samples, as shown in Fig. 3. The EDX spectrum of the
EKO sample (Fig. 3a) displayed Cd, Ba, Na, Cu, and F as the
constituent elements of the incorporated glass powder. The
EDX spectrum of the EK1 sample, which contains PEVA poly-
mer and copper oxide (Fig. 3b), demonstrated the presence of
carbon, oxygen, and copper as the elementary components. The
amount of glass increased from 0% in EK1 to 1.5% in the EK8
sample. EK3, EK6, and EK8 samples were selected to confirm
the dispersion of glass inside the polymer matrix.

Mater. Adv,, 2024, 5, 5658-5670 | 5661
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Fig. 2 FE-SEM images of PEVA samples mixed with different amounts of conductive ground glass powder particles (0, 0.2, 0.4, 0.6, 0.8, 1, 1.3 and
1.5 wt%): (a) glass only, (b) EK1, (c) EK2, (d) EK3, (e) EK4, (f) EK5, (g) EK6, (h) EK7, and (i) EK8.

As shown in the EDX analysis of the membrane samples
coded EK3, EK6, and EKS8, the constituent elements of glass,
including Cd, Ba, Na, Cu, F, O, and C, were well-dispersed
inside the PEVA polymer matrix (Fig. 3¢, d and e, respectively).
Moreover, the peaks of glass-forming elements increased as the
amount of dispersed glass increased. The EDX analysis demon-
strates the inclusion of varied amounts of glass powder inside
the PEVA polymer matrix.

3.4. Optical properties

Fig. 4 presents the optical properties of the polyethylene vinyl
acetate (PEVA) composite with a glass composition of 60% B,03
+10% CdO + 15% Na,O + 15% NaF doped with 5% CuO before
and after irradiation. Fig. 4(a) and (c) are the UV/vis spectra
showing the transmission-wavelength dependences of the com-
posites before and after irradiation. At lower wavelengths, 4 <
250 nm, the transmission of the irradiated samples was inde-
pendent of the concentration of the incorporated glass powder
but started to increase at A > 250 nm. However, after irradia-
tion of the samples, their transmission started to increase at 4
> 300 nm, and the starting point of the irradiated samples
moved to higher wavelengths. On comparing the transmittance
(%T) of the samples before and after irradiation, as shown in
Fig. 4(a) and (c), the value of %T was found to decrease with
radiation. In addition, %T increased with doping up to 6% of
incorporated glass powder and decreased with a further
increase in doping level. Furthermore, the reflections of the
samples before and after irradiation were similar, as shown in
Fig. 4(b) and (d), and the only difference was that they had
shifted from 250 nm to higher wavelengths (~ 350 nm). From
the experimental optical absorption data, it is expected that the
energy bandgap changes due to the irradiation of the samples
as it affects the transmission and absorption data. Thus, the
photon of radiation energy might excite electrons from the
valence band to conduction band.

5662 | Mater. Adv., 2024, 5, 5658-5670

Using the spectra of (R) and (T), the absorption coefficients
(o) of the samples under study were calculated using the
following equation.?”

) o

where (d) is the film thickness. The optical energy gap (E;) was
determined using the following equation.

o= Ay — Egf (2)

The relationship between (2-Av)> and () is shown in Fig. 5(a
and b). The plots show that the optical bandgap energy increased
with the glass content up to x = 0.4 and decreased with the
addition of more glass due to the accumulation of Cu ions on the
surface of the composites. Compared with the irradiated sam-
ples, the bandgap energy E, for the virgin polymer sample (PEVA)
decreased from 4.12 eV to 3.85 eV. However, all other samples
were influenced by the radiation, as shown in Table (3).

The radiation decreased the bandgap energy of the compo-
sites of the PEVA polymer matrix. The general trend of band
gap energies with conductive glass doping in the PEVA polymer
was a linear decrease, as listed in Table 3. This is expected
because the photon energy of radiation can excite the electrons
from the valence band to the conduction band. The effect of
radiation on the polymers is correlated with network formation
and the incorporation of cross-linked segments into the crystal-
line phase during the recrystallization process.*®

Fig. 6(a and b) present the refractive index and extinction
coefficient spectra of all prepared samples. The refractive indexes (n)
of these samples were calculated using the following equation.®”

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 EDX analysis of selected PEVA composite membranes containing different amounts of conductive ground glass powder particles (0, 0.2, 0.4, 0.6,

0.8, 1, 1.3 and 1.5 wt%): (a) EKO, (b) EKL, (c) EK3, (d) EK6, and (e) EK8.

The influence of photon energy on (1) of the prepared samples
is shown in Fig. 6(a). The refractive index () increased with the
glass content owing to the increase in (R) values. It could be
observed that the n-values increased at low energy values E, < 3 €V,
while at high energy values (photon energy > 3.5 eV), the refractive
index decreased, and this might be due to the breakdown of the
dielectric of the PEVA polymer matrix at high energies.

It is known that radiation can induce crosslinking in a
polymer matrix. The interaction of the glass components with
the Cu element may influence the nature of the reactions in the
matrix. Therefore, the copper element might serve as a cross-
linking agent, leading to a more cross-linked and stable poly-
mer structure. The polymer undergoes excitation and ionizes
because the polymer can absorb radiation, which in turn, can
produce the initial chemical reactants.®

© 2024 The Author(s). Published by the Royal Society of Chemistry

The extinction coefficient, (k), which is dependent on the
imaginary part of the refractive index and describes the ability
of the samples to absorb light, was determined using the below
equation:*°

k=oan (4)

The extinction coefficient (k) of the PEVA/glass powder
composition (60% B,O0; — 10% CdO — 15% Na,O — 15% NaF
doped with 5% CuO) before and after irradiation is presented
as a function of the photon energy in Fig. 6(b and d), respec-
tively. The results show that the effect of radiation clearly as the
k-values increased from 2000 to 4000 with radiation. This
means that the irradiated composite samples absorbed photon
energy better than the virgin samples. Moreover, their k-values

Mater. Adv., 2024, 5, 5658-5670 | 5663
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Fig. 5 Optical bandgap energies of the prepared PEVA/glass powder composite membranes with the composition 60% B,Oz + 10% CdO + 15% Na,O +

15% NaF doped with 5% CuO: (a) before irradiation and (b) after irradiation.

increased at a photon energy (4.5 eV) lower than the version
samples (5 eV).

Previous studies on y-irradiated polymers have revealed a
shift toward lower energies and that radiation has a consider-
able effect on the optical bandgap energy, showing a decrease
from 4.20 to 3.96 eV because of indirect allowed transitions.
Moreover, the refractive indices of the polymer samples were
considerably high, and the values increased with the effect of
gamma dose.*™*

5664 | Mater. Adv, 2024, 5, 5658-5670

3.5. Dielectric properties

3.5.1. Dielectric properties as functions of frequency. The
experimental dielectric data is considered a powerful tool to
explore the dynamic properties of a composite, such as the real
part of the dielectric constant (¢'), the imaginary part of the
dielectric constant (¢”), and AC conductivity (cac).*®*” One of
the most important advantages of frequency-dependent dielec-
tric properties data is the information about the contributions

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Band gap energies of (PEVA) mixed with different amounts of
conductive ground glass particles (0, 0.2, 0.4, 0.6, 0.8, 1, 1.3 and 1.5 wt%)
before and after exposure to radiation

Sample Glass powder Eq (eV) Eq (eV)
codes (Wt%) unirradiated irradiated
S1 EK1 0.0 4.065 3.8

S2 EK2 0.2 4.49 4.6

S3 EK3 0.4 4.51 3.94

S5 EK5 0.8 4.34 3.92

S8 EK8 1.6 4.1 3.85

of different factors, including grain boundaries, bulk material,
and electrode effects.”®

The complex dielectric constant and dielectric loss of a
material are defined as:**"*°

e=¢ — i (5)

where ¢ and ¢’ are the real part and imaginary part of the
complex dielectric constant, respectively.

The real part of the dielectric constant (¢') represents the
energy stored inside the dielectric sample between the conduc-
tive electrodes. However, the imaginary part of the dielectric
constant (¢”) reflects the energy loss in the dielectric sample.
Because of a sample exhibits energy loss under an applied
electric field at front of the polarization, resulting in the grain
boundaries.’® Further, the loss takes place due to three factors,
including dipole loss or molecular dipole movement, space
charge migration, and direct current conduction.*

Fig. 7 presents the ¢/, ¢’ and AC conductivity (oxc) versus
frequency (f) at a constant temperature of 40 °C. The ¢'-values
of PEVA with conducting glass powder at 40 °C decrease with
increasing frequency up to (f < 1 kHz), while it remains
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constant at higher frequencies (f >1 kHz). The effect of
irradiation on the membrane samples is very clear since the
irradiated samples exhibit dielectric breakdown except for the
composite with 0.4 content of conductive glass (S3:0.4), which
showed different behaviour from all the other samples. More-
over, the ¢’ values of the samples increased from around 30 up
to 1000 due to the effect of radiation.

In the ¢’ against f plots (Fig. 7(a)), ¢’ deceased with increas-
ing frequency and its value become constant at high frequen-
cies. A similar behavior was observed for ¢’ against f (Fig. 7(b)).
On the other hand, the electric conductivity (oac) increased
with the frequency (Fig. 7(c)). The large values of ¢’ and ¢” in the
low-frequency range arise due to increased charge polarization
at the electrode interface due to Li' ions, adding to the low
conductivity at the grain boundaries.’®>* Moreover, the gxc(f)
can be expressed according to Jonscher’s universal power law:>*

oac(f) = 0, — opc ~ A" (6)

where opc is the g,c at f — 0, A is a constant that depends on
the temperature, o, is the total conductivity, and m is called the
exponent of the frequency. Fig. 7(d) illustrates the frequency
dependence of gac at a constant temperature of 40 °C, the
behavior is found a similar even at different temperatures, as
seen in Fig. 9 (dielectric properties as functions of temperature
at a constant frequency).

Fig. 8 presents ¢/, ¢’ and AC conductivity (oac) versus
frequency (f) at a constant temperature (80 °C). The experi-
mental data of the dielectric constant and electric conductivity
of the composites before radiation (Fig. 8a-c) and after effects
(Fig. 8d-f) show similar behaviors, indicating that the tempera-
ture does not have much effect on the polymeric matrix as a
result of the addition of conductive nanoparticles in the PEVA
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Fig. 6 Refractive indices of the PEVA/glass powder composite membranes with the composition (60% B,Oz — 10% CdO — 15% Na,O — 15% NaF doped
with 5% CuO): (a) refractive index and (b) extinction coefficient before irradiation; (c) refractive index and (d) extinction coefficient after irradiation.
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Fig. 7 Dielectric constants (¢/ and ¢”) and conductivity (cac) of PEVA/conductive glass powder composite membranes with the composition (60% B,Os
—10% CdO — 15% Na,O — 15% NaF doped with 5% CuO) as functions of frequency at a constant temperature (40 °C) (a)—(c) before radiation, and (d)—(f)

after radiation.

matrix. The addition of conductive glass to PEVA significantly
improves the thermal stability (20 °C to 80 °C) of the composite,
as measured experimentally.

As expected, there was a gradual increase in oac as the
frequency increased. The o,c curves at various temperatures
merged into one single curve at high frequencies (f > 10° Hz).
The conduction might be ascribed to the thermal oscillation-
induced tunneling of charge carriers in the PEVA-polymer
matrix separating the glass particles. At lower temperatures,
conductivity becomes temperature-dependent due to the ther-
mal motion of the conductive glass nanoparticles. This is the
typical behavior of nanoparticles combined with a polymer
matrix; such behavior has been observed in entirely different
types of materials.>>® The experimental data of the studied

5666 | Mater. Adv, 2024, 5, 5658-5670

samples show that ac conductivity increases with increasing
frequency and increasing y-dose radiation, which is similar to
the reports of other researchers.*’

3.5.2. Dielectric properties as functions of temperature.
Fig. 9 presents the dielectric constants (¢ and ¢”) and conduc-
tivity (oac) of membranes with the PEVA/glass powder composi-
tion (60% B,03 — 10% CdO — 15% Na,O — 15% NaF doped
with 5% CuO) as functions of temperature in the 20-80 °C
range at a constant frequency (2 kHz) before and after irradia-
tion. The dielectric constants (¢’ and ¢") before irradiation are
constant with temperature variation. Further, the dielectric
constants of the samples after irradiation decreased except
for sample S3 with 0.4% conductive glass content, which
showed an increase in ¢ wvalues. The behavior of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Na,O — 15% NaF doped with 5% CuO) as functions of frequency at a constant temperature of 80 °C: (a)-(c) before radiation and (d)—(f) after radiation.

conductivity of all samples remaining constant before irradia-
tion is identical to dielectric behavior. While the effect of
radiation on the dielectric constant of sample S3 (0.4) was
different from all other samples, the g,c remained at the same
value, with no effect of irradiation. This data means that
sample S3 is extremely stable under radiation. Thus, sample
S3 can be considered a good candidate for radiation-shielding
applications. The addition of conductive glass powder to PEVA
improved the thermal stability of the composites in the 20 °C to
80 °C range, as measured experimentally.

4. Conclusions

A series of thin films of poly (ethylene-co-vinyl acetate) (PEVA)
mixed with different amounts of conductive ground glass

© 2024 The Author(s). Published by the Royal Society of Chemistry

powder particles (0, 0.2, 0.4, 0.6, 0.8, 1, 1.3 and 1.5 wt%) was
prepared via a melt-quenching technique and exposed to
irradiation at room temperature in the air. The effects of glass
powder concentration and irradiation dose on the electrical
and optical properties of the composite sheets were investi-
gated. Moreover, the homogeneity of the dispersion of glass
powder in the PEVA matrix was studied based on the crystal-
linity of the composite sheets through X-ray diffractometry
(XRD). Optical studies revealed that the band gap energy
decreased with radiation and the content of conductive glass;
this may be due to the excitation of electrons from the valence
band to the conduction band. When the PEVA polymer with
conductive glass additive was exposed to radiation, it demon-
strated improved thermal stability and hence can be regarded
as a radiation-shielding material candidate for several indus-
trial applications.

Mater. Adv,, 2024, 5, 5658-5670 | 5667


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ma00328d

Open Access Article. Published on 12 June 2024. Downloaded on 3/3/2026 8:37:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

View Article Online

Paper

e o o o ¢ o o o o o @
@ 200 kHz )
10° £
1< € 4 4 4 4 4« 4 <4 4«
30 F
e
x ' ’ ’ ' ' ' ' ® * 200 kHz W 0.0%glass
w w102 b @ 0.2%glass
A 04%g
v o
0.
L B 00%glass @ 0.2%glass)
20 04%glass W 0.6% glass < i“ fosless
0.8 %glass < 1.0 % glass| ] o iz u/: :Iass
1.3%glass @ 1.5 % glass 10' < :
R | EEEREERE,
10 - : ) ) ; i L L L L L L
20 50 0 70 30 30 40 50 60 70 80
T (°C TCC)
20F
® PY ® ® ® L4 ® ® ® [ ] 10k ©
) 200 kHz 105 F A A 5 b
10° ¢
15F € < | < < < | | 0.0 % glass
10° S0 0.2 % glass
A 04%egl
v v Yy v v '\ v Y X 102 N o.o%ﬁuiii
N A \ - ) o 3 % glass
D N S At g s
10"k 1.3 % glass
1.0 F [ ] ss @ O 1.5 % glass
. 4 s W o[
Y i 10
13%glass @ 1.5 %glass L . °
107 ¥ a N v
; | SIR- LA | . g " B
102 F < 3 L .
0.5
) ) ) ) ) 107k . . . . i
20 50 60 70 30 30 40 50 60 70 80
T (°C) T (°C)
10'
® ® [ ] [ ] ® ® ® [ ] [ ] ®
4 @ = < < o V> S 1 A ®
§ § 8§ 68 & &€ ¥ ¢ €« Xx 10°F & B
s
10 10 b
102 W 0.0 %glass
© W 0.0%glass ° 02%ghss
N % _ A 04 % glass
£ @ 02%glass E10°F 200 kHz v Oé%ilass
23 v 2 0.8 % glass
s 0.8 % glass & 104 F < {(;“;og:ﬂss
© 1.0 % glass 3% glass
10-0 L L p 1.3% :m‘: 10'5 E @ 15%glass
. g ® 15%glass
L n 10° ¢ & 3 v
= . ! | LA 8 "L
200 kHz 107 F - 4
] =
: A . : [ 10°F ’ 3 i : }
40 50 60 70 80 30 40 50 60 70 80
T (°C) T (°C)

Fig. 9 Dielectric constants (¢ and ¢”) and conductivity (aac) of composite membranes with PEVA/conductive glass powder composition (60% B,Oz —
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