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A B S T R A C T

This study investigates the effect of incorporating non-conducting calcium carbonate (CaCO3) nanoparticles into polyvinylidene

fluoride (PVDF) to improve its insulating properties. PVDF is widely used as an electrical insulation polymer because of its dielectric

performance, thermal stability, and mechanical strength; however, these properties can be further improved for advanced applications

through nanoparticle modification. PVDF–CaCO3 nanocomposite samples were prepared, characterized, and tested for dielectric

and mechanical properties. The results show that adding CaCO3 nanoparticles improves the insulating response of PVDF, especially

at 0.5 wt% and 1.0 wt%, making the nanocomposites promising materials for high-performance insulation in electrical and electronic

devices. The findings demonstrate the potential of nanoparticle-modified PVDF for improving energy efficiency and reliability in

insulation systems.
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1. INTRODUCTION

The demand for high-performance insulating materials has

grown significantly with the increasing sophistication of electri-

cal and electronic systems for advanced applications. Polyvinyli-

dene fluoride (PVDF) is a widely used polymer known for its ex-

cellent dielectric properties, high thermal stability, and mechan-

ical strength, making it a preferred material for electrical insula-

tion applications [1]. However, PVDF has limitations, including

dielectric losses, electrical breakdown at high voltages, and en-

vironmental degradation over time. These limitations must be

addressed to maximize its potential in insulation systems.
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Nanotechnology has advanced the development of polymer-

based electrical insulation. Researchers have explored several

approaches for enhancing the insulating properties of PVDF, in-

cluding the incorporation of non-conducting nanoparticles such

as CaCO3, TiO2, and Al2O3 [2]. When used as fillers in PVDF,

these nanoparticles can improve electrical insulation by modify-

ing the microstructure, reducing charge mobility, and increasing

dielectric strength [3]. Previous studies have shown that such

nanoparticles can reduce dielectric losses and improve the break-

down voltage of PVDF-based insulating materials, making them

more reliable for high-voltage applications [4].

Several researchers have investigated how non-conducting

nanoparticles improve the insulating properties of PVDF. In one

study, TiO2 nanoparticles were used as fillers in PVDF, and

3 wt% TiO2 improved the material’s mechanical strength and
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piezoelectric properties. The nanoparticles promoted the forma-

tion of the β phase, which enhanced the insulating response of

PVDF by resisting electrical flow [5]. However, excessive TiO2

loading, up to 10 wt%, caused agglomeration, which can reduce

mechanical strength. This finding highlights the importance of

nanoparticle concentration in the design of polymeric insulation

materials. In the present work, lower filler loadingswere selected

to demonstrate their effect on PVDF insulation performance.

Although previous studies have examined the addition of non-

conducting nanoparticles to polymeric insulation materials, fur-

ther work is needed to identify compositions that provide max-

imum efficiency. Interactions between nanoparticles and the

polymer matrix can alter dielectric behavior, improve charge-

trapping properties, and increase resistance to electrical stress

[6]. In addition, the interphase formed between the polymer and

nanoparticles, as well as its homogeneity, can modify charge

transport mechanisms, reduce electrical conductivity, and im-

prove the overall insulating performance of PVDF [7]. Properly

dispersed CaCO3 nanoparticles in a PVDF matrix can enhance

mechanical strength and dielectric breakdown strength, making

the material suitable for modern electrical insulation [8]. The

properties of PVDF-based nanocomposites depend on the nature,

size, and concentration of the CaCO3 nanoparticles used during

sample preparation.

Despite these advances, practical challenges remain in the use

of PVDF-based nanocomposites. A major concern is achieving

uniform dispersion of nanoparticles in the polymer matrix, be-

cause poor dispersion can negatively affect both electrical and

mechanical properties [9]. Addressing this challenge is essen-

tial for realizing the full potential of non-conducting nanoparti-

cles, such as CaCO3, in enhancing the insulating capabilities of

PVDF. This study therefore investigates the effect of low con-

centrations of CaCO3 nanoparticles on PVDF to optimize its in-

sulating performance and provide insight into its application in

high-voltage insulation systems. The study also examines how

nanoparticle addition affects dipole alignment, interfacial polar-

ization, and charge mobility within the polymer matrix, with the

aim of supporting the development of more durable and reliable

insulation materials.

2. METHODOLOGY

2.1. MATERIALS

High-molecular-weight PVDF with 98% purity was obtained

from Sigma-Aldrich. The polymer was selected because of its

excellent piezoelectric properties and thermal stability. High-

grade CaCO3 nanoparticles with 99% purity and a molecular

weight of 100.09 gmol−1 were obtained fromGriffin andGeorge,

285 Ealing Road, Wembley.

PVDF pellets (0.5 g) and CaCO3 nanoparticles (0.5 wt% and

1.0 wt%) were weighed using a KERRO BL-P1D/2000I digital

weighingmachine. The PVDFwas supplied in pellet form, while

the CaCO3 was supplied in flat-surface form.

2.1.1. Material processing

PVDF and CaCO3 were mixed using a two-roll mill at 170–180
◦C and 54 rpm until a molten mixture was obtained. The molten

mixture was molded into 80× 60mm sheets using a compression

moldingmachine. The sheets were cooled for 5min to form solid

composite samples.

The solid polymer composite sheets were cut into dumb-

bell and circular shapes using a sample-cutting machine. The

dumbbell-shaped samples were placed in a sample holder for ten-

sile testing, while the circular samples, each with a diameter of

20 mm to match the sample holder, were used for dielectric test-

ing with an LCR analyzer. The thickness of each circular sample

was measured using a digital vernier caliper and recorded as the

length L for subsequent calculations.

2.2. MATERIAL CHARACTERIZATION

2.2.1. Dielectric loss, permittivity, and electrical conductivity

measurements

A HAMEG HM8118 LCR analyzer was used to measure the di-

electric properties, including capacitance and resistance, of the

circular samples. The following procedure was used. First, the

LCR analyzer was powered on, and open- and short-circuit tests

were performed to scan the available frequency range from 1

Hz to 200 kHz. Second, each circular sample was placed se-

curely in the sample holder, and the high and low terminals of

the LCR analyzer were connected to opposite sides of the sam-

ple holder to ensure accurate and stable measurements. Third,

the measurement parameters were set to capacitance and resis-

tance, with the component type specified as a capacitor. An AC

signal at selected frequencies from the LCR bridge was applied

to the sample, and impedance-related parameters, including ca-

pacitance, equivalent series resistance, and quality factor, were

recorded. Finally, the measured values displayed on the LCR an-

alyzer were recorded for analysis, and the process was repeated

for each sample while adjusting the frequency as required.

2.2.2. Mechanical strength analysis

Stress and strain were determined using a Monsanto tensiometer

according to the operating instructions. The machine has two

claws that grip a dumbbell-shaped sample. Thewheel attached to

the clamp was turned to increase the tension on the sample until

fracture occurred. The force and elongation were then recorded

for each sample and used to calculate tensile strength in MPa.

Threemeasurements were taken for each sample, and the average

force and elongation values were recorded.

3. RESULTS AND DISCUSSION

The experimental results describe the dielectric properties of

PVDF doped with 0.5 wt% and 1.0 wt% CaCO3 nanoparticles.

The study examines how different CaCO3 loadings influence the

insulating behavior of the PVDF matrix. In particular, dielectric

parameters such as relative permittivity and dielectric loss are an-

alyzed as functions of frequency. The mechanical properties are

also examined as functions of stress and strain.

The results are interpreted to explain how the addition of non-

conducting CaCO3 nanoparticles affects dipole alignment, inter-

facial polarization, and charge mobility within the nanocompos-

ite. Each observation is discussed in relation to established di-

electric theory and compared, where applicable, with previous

studies on PVDF-based nanocomposites.
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Figure 1. Dielectric loss variation with frequency for 0.5 wt%CaCO3-doped

PVDF.

3.1. DIELECTRIC PROPERTIES OF PVDF-DOPED POLYMER

NANOCOMPOSITES

The dielectric behavior of PVDF doped with 0.5 wt% and 1.0

wt%CaCO3 was analyzed in terms of dielectric loss, relative per-

mittivity, and electrical conductivity as functions of frequency.

3.1.1. Dielectric loss of CaCO3–PVDF polymer nanocomposites

The frequency dependence of the 0.5 wt% and 1.0 wt% CaCO3–

PVDF polymer nanocomposites is shown in Figures 1 and 2, re-

spectively.

The dielectric loss (tan δ) of the 0.5 wt% CaCO3–PVDF com-

posite decreases with increasing frequency, although a few spikes

occur at low frequency, possibly because of particle vibrations.

At low frequencies, dipoles and interfacial charges have enough

time to align with the electric field, resulting in higher energy

loss due to strong interfacial polarization. As the frequency in-

creases, rapid field reversal makes dipole alignment more diffi-

cult, thereby reducing polarization effects and lowering dielectric

loss. This trend agrees with the behavior reported for conductive

carbon-nanotube-filled PVDF [7], where limited dipole mobil-

ity at high frequencies reduces energy dissipation up to about

10
4 Hz [2]. This response is typical of PVDF doped with non-

conducting nanoparticles.

For the 1.0 wt% CaCO3–PVDF composite, the dielectric loss

also decreases with increasing frequency, with two initial spikes

at low frequency. The higher nanoparticle content likely cre-

ates more interfacial regions, causing higher loss at low frequen-

cies because of enhanced charge buildup and interfacial polariza-

tion [2]. The spikes occur between approximately 10
2 and 10

3

Hz. At higher frequencies, dipoles and interfacial charges can

no longer follow the rapidly changing electric field, resulting in

a substantial reduction in dielectric loss. This behavior agrees

with reported trends for CaCO3-filled PVDF, where increased

frequency limits dipole relaxation and reduces energy dissipa-

tion [7].

Figure 2. Dielectric loss variation with frequency for 1.0 wt%CaCO3-doped

PVDF.

Figure 3. Relative permittivity variationwith frequency for 0.5 wt%CaCO3-

doped PVDF.

3.1.2. Relative permittivity of CaCO3–PVDF polymer

nanocomposites

The relative permittivity of the 0.5 wt% and 1.0 wt% CaCO3-

doped PVDF composites is shown in Figures 3 and 4, respec-

tively.

The relative permittivity of the 0.5 wt% CaCO3–PVDF com-

posite initially increases and then decreases with increasing fre-

quency. At low frequencies, dipoles and interfacial charges

can readily align with the applied electric field, resulting in

higher permittivity due to strong interfacial polarization. As

the frequency increases, rapid field oscillation prevents effective

dipole alignment, causing the permittivity to decrease and then

rise along the frequency range considered [7]. This frequency-

dependent behavior agrees with the established dielectric re-

sponse of CaCO3-filled PVDF, where reduced dipole mobility

at high frequencies limits polarization [2].

For the 1.0 wt%CaCO3–PVDF composite, the relative permit-

tivity is higher at low frequencies because the increased nanopar-

ticle content introduces more interfacial regions for charge accu-

mulation, thereby enhancing polarization. A small peak appears

at about 2000 Hz, producing a stretched fluctuation in the curve.

Similar to the 0.5 wt% composite, the permittivity decreases as

frequency increases and then fluctuates steadily. The higher fre-

quency reduces the ability of dipoles and interfacial charges to
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Figure 4. Relative permittivity variationwith frequency for 1.0 wt%CaCO3-

doped PVDF.

Figure 5. Stress–strain curve for 0.5 wt% CaCO3-doped PVDF.

respond to the alternating field, leading to lower permittivity.

3.2. MECHANICAL PROPERTIES OF CACO3–PVDF POLYMER

NANOCOMPOSITES

The stress–strain curves for the polymer nanocomposite samples

are shown in Figures 5 and 6.

Young’s modulus quantifies the stiffness of a material and

is determined from the slope of the linear elastic region of the

stress–strain curve. The curve in Figure 5 shows a linear rela-

tionship between stress and strain up to the point considered as

the yield point. The stress increases consistently and reaches a

maximum value of approximately 19 MPa, after which it fluctu-

ates within the strain range, especially for the 0.5 wt% loading.

The initial linear portion of the curve represents the elastic de-

formation region of the material [10]. Based on the slope of this

elastic region, the Young’s modulus of the PVDF nanocomposite

with 0.5 wt% CaCO3 is estimated to be 0.8–1.2 GPa.

This estimated modulus is consistent with the known stiffness

of pure PVDF, which is typically 1.5–2.0 GPa, as reported in pre-

vious studies [8, 10]. This agreement indicates that incorporating

a low concentration of CaCO3 filler does not significantly alter

Figure 6. Stress–strain curve for 1.0 wt% CaCO3-doped PVDF.

the inherent mechanical stiffness of the polymer matrix.

From the stress–strain plot for PVDF doped with 1.0 wt%

CaCO3 (Figure 6), the stress values range from 0.9 to 1.9 MPa,

while the corresponding strain extends to approximately 140

units. The initial region of the curve shows a nearly linear in-

crease in stress with strain, indicating elastic deformation before

a slight decline at higher strain levels, followed by extended lin-

ear deformation [10]. Using the approximate slope of the initial

linear portion, the calculated Young’s modulus is 3.5–4.0 GPa,

which is higher than that of the 0.5 wt% sample.

This improvement shows that calcium carbonate particles can

enhance the stiffness of the PVDF matrix. The enhancement

is mainly attributed to the rigid nature of the CaCO3 particles,

which restrict the mobility of PVDF polymer chains. Efficient

stress transfer from the polymer matrix to the rigid filler par-

ticles also contributes to the increased Young’s modulus of the

nanocomposite samples.

4. CONCLUSION

The addition of non-conducting CaCO3 nanoparticles enhanced

the dielectric and mechanical properties of PVDF. The 0.5 wt%

CaCO3 composite showed better dielectric stability and lower

loss than the 1.0 wt% composite, while the 1.0 wt% composite

showed improved stiffness and higher low-frequency permittiv-

ity. The increase in Young’s modulus with filler content confirms

that CaCO3 nanoparticles can reinforce the PVDF matrix, with

the 1.0 wt% composite showing a calculated Young’s modulus

of 3.5–4.0 GPa. These improvements make CaCO3–PVDF com-

posites promisingmaterials for high-performance electrical insu-

lation, particularly where enhancedmechanical strength and con-

trolled dielectric behavior are required. Future studies should ex-

amine a broader range of CaCO3 concentrations, such as 0.1–2.5

wt%, to identify the optimum loading for specific insulation ap-

plications. Surface modification of CaCO3 nanoparticles should

also be investigated to improve dispersion and interfacial adhe-

sion within the PVDF matrix.
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