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Abstract: In this study, the impact of particle form of the
Cannabis indica plant biofibers and the fiber’s surface tai-
loring on the physical, thermal, dielectric, and mechanical
properties of unsaturated polyester composite specimens
manufactured utilizing nonconventional materials were
investigated. The mechanical properties such as compres-
sive, flexural, and tensile strengths of the composite speci-
mens were noticed to increase after functionalization of
biofiber with acrylic acid and maximum enhancement
was found at 20% of biofiber sacking. The physical char-
acterization was concentrated on the assurance of the
dielectric constant, dielectric strength, dielectric loss,
moisture absorption, chemical resistance, percentage of
swelling, limiting oxygen index, and biodegradation of
polymer composites under red soil. An increase in dielec-
tric strength from 28 to 29 kV, limiting oxygen index values
from 19% to 23%, and moisture/water absorption behavior
was noted for resulted bio-composites after surface tailoring
of biofiber. To assess the deterioration of the polymeric
materials with the temperature, differential scanning calori-
metric and the thermogravimetric tests were carried out and

enhancement in thermal stability was noted after fortifica-
tion of polyester composites with functionalized biofiber.

Keywords: graft copolymers, acrylic acid, biocomposites,
dielectric strength, mechanical strength

1 Introduction

Polymers and polymer composites are at present among
the most continuously growing materials and there can
be no uncertainty that they are vital to present engi-
neering society (1–5). In the last few years, investigation
into these polymeric materials has not only been directed
on exceptionally tough and durable polymer composites,
yet additionally on inexhaustible, biocompatible, biode-
gradable, and sustainable biomaterials (6–10). The pri-
mary drawback of synthetic fiber invigorated composite
materials is that two distinctive synthetic components of
the framework make their recycling or reuse significantly
confounded and high energy is needed for their develop-
ment. Different kinds of biomass such as plant fibers
are a type of biocompatible and sustainable materials
that could be utilized to develop biodegradable materials
including composites that satisfy cost, density, and strength
requirements (11–14). An enormous number of biofibers
such as banana, sisal, coir, Grewia optiva, hemp fibers,
and so forth have been investigated and utilized for the
development of composite materials (15–18). Each fiber
has explicit attributes that influence its reinforcement
ability and contribution to the fabrication of composite
materials (19–21). In addition, utilization of plant fibers
for fortification of thermosetting/thermoplastic matrix gives
multiple advantages, such as easy availability, budget-
friendly, low density, biodegradability, ease of processing,
high tensile strength, and good thermal properties (20,22,23).
Cannabis indica fiber (CIF), which is also known as Indian
hemp fibers, is one of the toughest and stiffest plant fibers
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and has a considerable perspective as a composite fortifying
agent (24–26). The Indian hemp bast fibers are made up of
approximately 70–74% cellulose, 15–20% hemicelluloses,
4% lignin, 1% pectin, and 1–2% waxes (27). The process of
extraction of fibers from stalks is known as retting. There are
different kinds of retting methods namely chemical retting,
enzymatic retting, water retting, dew retting, andmechanical
retting (28,29). Even though the usage of plant fibers as a
strengthener in composite materials gives different advan-
tages, the innate properties of plant fibers prompt some
undesired qualities to the composites. Väisänen et al. (30)
recognized four significant difficulties that can extensively
limit the utilization of plant materials in composites:
restricted mechanical strength, abundant water absorp-
tion, low imperviousness to fire, and lack of homogenous
distribution of biofibers due to hydrophilic nature. The
parameters which control properties of plant fiber are
the collection time, type of retting, fiber processing tech-
nique employed, and the type of soil wherein the fiber
plant is developed (31–33). Efforts have been made by
several researchers for controlling the impact of aforemen-
tioned challenges of biofiber-fortified polymer composites
by employing different types of enzymatic, physical, and
chemical techniques (34–36). Banea et al. (35) reviewed
the impact of different chemical treatments such as alkali
treatment, silane, graft copolymerization, etc., on the pro-
perties of resulted biopolymer composites. They reported
a considerable improvement in mechanical, thermal, and
physico-chemical properties after surface functionalization
of biofiber. A large number of physical methods such as
plasma treatment, dielectric barrier technique, corona treat-
ment, and ultrasound/ultrasonic treatment have also been
successfully employed to enhance the properties of biofiber-
fortified polymer composites (36). Further, various types of
thermosetting and thermoplastic matrices are available in
the market and have been utilized for the fabrication of
polymer composites (37). Among the different thermosetting
matrices, unsaturated polyester (UPE) resins are the most
conspicuous, cheap, and universally utilized in numerous
applications where benefits might be taken from their wide
range of mechanical qualities, better erosion resistance, and
low density (38). Polyester matrices were likewise utilized
for coatings, body fillers, developing marble, polyester con-
crete, cladding boards, roofing tiles, pipes, and bathroom
furniture such as shower plates. Conzatti et al. utilized par-
ticle forms of wool fiber for reinforcing polyester composites
(39). They further evaluated the thermal, morphological,
and dynamic mechanical analysis of resulted composites.
Prasad and Rao studied the impact of three different biofi-
bers i.e., sisal, jowar, and bamboo on the resulted properties
of polyester composites (40). Chabros et al. stated an

increase in mechanical properties of microcrystalline cellu-
lose-fortified UPE composites after the esterification of cel-
lulosic fiber using methacrylic anhydride (41). Singha et al.
studied the impact of different biofibers’ surface modifica-
tion approaches such as alkali treatment, benzoylation,
silane, and acrylonitrile grafting onto dielectric, thermal,
and mechanical qualities of Grewia optiva plant fiber-forti-
fied UPE composites (42). In addition, Singha and Rana also
utilized silane and acrylonitrile grafted CIFs for the reinfor-
cement of polyester composites (26). An increase in overall
properties of polymer composites has been reported by
them. Since no work has been reported on surface functio-
nalization onto CIFs using acrylic acid (AAc) and their
subsequent utilization in particle form for fabrication of
polymer composites, the present study aims to assess the
impacts of AAc graft copolymerization on mechanical,
thermal, and dielectric properties of particles of Indian
hemp fiber-reinforced polyester composites.

2 Experimental methods

2.1 Materials

CIFs, after its collection from local sources of Himachal
Pradesh, was at first cleansed with 2% of washing powder
solution and afterwards dried in an oven. The dried CIFs
were then soxhlet extracted with C2H6CO for 60–72 h and
subsequently washed with water and air-dried to get rid
of wax and other water dissolvable contaminants. Ceric
ammonium nitrate (CAN), AAc and magnesium hydro-
xide, and zinc borate of Merck made were used as initiator,
monomer, and fire retardants, respectively. Further, pur-
ification of monomer was done by distillation under reduced
pressure. UPE was supplied by Crystic Resins India Pvt. Ltd.
and Cobalt naphthenate (CN) and methyl-ethyl-ketone-per-
oxide (MEKP) were used as accelerators and hardeners,
respectively. The weighing of chemicals and samples was
carried out on Libror AEG-220 (Shimadzu) electronic bal-
ance. Moisture absorption was studied in the humidity
chamber of Swastika makes.

2.2 Methods

2.2.1 Synthesis of CIFs-g-poly(AAc) graft copolymers

Graft copolymers were synthesized as per the procedure
reported by Singha and Rana (43) (Figure 1). The CIFs
were initially chopped into a particle size of 90 µm and
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then subsequently dipped into water for 20–24 h. After-
wards, the fibers were transferred to the reaction kettle
and a known quantity of CAN (1.82 × 10−2 mol·L−1)/HNO3

(3.60 × 10−2 mol·L−1) initiator system and AAc monomer
(2.91 × 10−1 mol·L−1) were added to the kettle and the
mixture was stirred continuously for 120 min at 45°C.
The graft-copolymerized biofibers were then filtered, cleaned
with hot water, and finally dried.

2.2.2 Composites fabrication

Different weight proportions (10%, 20%, 30%, and 40%)
of raw and surface functionalized CIFs were utilized for
the development of UPE matrix-based biocomposites by
using the conventional hand lay-up succeeded by a com-
pression molding technique. A stainless steel mold of
dimension 150mm × 150 mm × 5 mm has been used for

Figure 1: Shows the scheme for the preparation of CIFs-g-poly(AAc) graft copolymers.
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the preparation of composite specimens. 2% each of
CN and MEKP were used as accelerator and hardener,
respectively, for developing polymer composites and
were mixed thoroughly in the polyester resin before for-
tification. Further, upon inclusion of particle form of
raw and graft-copolymerized CIFs, the blend was stirred
to achieve equal proliferation of the fibers in the resin,
which requires utmost care as hydrophilic cellulosic
fibers tend to agglomerate. The composite sheets were
cured for 12 h under the pressure of 100 kg·cm−2, which were
subjected to post-curing in the air for 24 h. Composite speci-
mens of suitable dimensions as per the ASTM standards
were utilized for mechanical, dielectric, and physico-che-
mical testing.

2.2.3 Estimation of physico-chemical properties of
polymer composites.

Water absorption, stability against chemicals, and moisture
absorption behavior of biocomposite specimens were stu-
died as per the methods reported by Singha et al. (42).

2.2.3.1 Water absorption

Percent water absorption was evaluated by dipping pre-
weighted pure UPE and UPE matrix-based composite
samples of size 10 mm × 10 mm × 2 mm in distilled water
for 60 days. The samples were removed from the water
after a gap of 10 days each and were dried subsequently
with the help of filter papers to eliminate the surplus
water and then weighed again. The percent water absorp-
tion was determined utilizing Eq. 1:

⎜ ⎟
⎛
⎝

⎞
⎠

=

−

×W W W
W

100a
fin int

int
(1)

where Wa, Wfin, and Wint are percent water absorption,
final weight, and initial weight, respectively.

2.2.3.2 Chemical stability

The stability against chemicals of polymer composites
was studied by immersing dried specimens in HCl and
NaOH solutions of different normality for a specified
time ranging between 10 and 30 days. Afterwards, the
solution was decanted off; specimens were cleaned with
purified water, seared in an oven, and weighed. The %
chemical stability (Pcs)was evaluated in respect of weight
reduction by utilizing Eq. 2:

( )      =

−

×P W W
W

Perecent chemical stability 100cs
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(2)

whereWint is the initial weight andWac is the weight after
the specified interval.

2.2.3.3 Moisture absorption

The dampness behavior of pure matrix and its polymer
composites were studied in a humidity chamber (Swastika
India made) by placing known weights (Wint) of dried
samples at 20%, 50%, and 80% of relative humidity for
8 h. The final weights (Wfin) of specimens were noted
instantaneously after removing from the chamber after
the specified time. The % dampness was evaluated as
per Eq. 3:

=

−

×

W W
W

% Dampness 100fin int

int
(3)

2.2.4 Biodegradation study

The soil burial method was utilized to evaluate the bio-
degradation of the polyester composites. The samples of
dimension 10mm × 10 mm × 10mm were covered under
red soil in a pot for a time of 6–12 months and were pre-
sented to various atmospheric conditions all over the year.
Before the soil interment test, samples were dried and the
preliminary weight (Wint) was noted. After concealing
the samples for a predefined time, the specimens were
removed, cleaned with water, and dried again in an
oven to obtain a constant weight. The weights (Wfin) of
samples were recorded again and percent weight reduc-
tion (Wpwl; %) biodegradability was ascertained by Eq. 4:
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W

100pwl
int fin
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(4)

2.3 Evaluation of mechanical properties

The compressive, flexural, and tensile strengths of raw and
CIFs-g-poly(AAc) strengthen UPE composites of dimensions
10 cm × 10 cm × 0.5 cm were studied on a universal testing
machine (Hounsfield H25KS) as per the ASTM D3410, ASTM
D790, and ASTM D3039, respectively. For testing purposes,
three samples of each of the polymer composite sheets were
utilized and average data have been reported. Further,
mechanical properties of all composite samples were
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investigated at a strain rate of 10mm·min−1 and stress was
continued till complete failure of samples.

2.4 Characterization

2.4.1 Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of pure matrix and its polymer composites
were acquired on Perkin Elmer infrared spectrophoto-
meter in the range of 400–4,000 cm−1.

2.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) investigation of com-
posite specimens was done on an LEO 435 VP scanning
electron microscope, after sputtering composite specimens
with gold. All the SEM images were captured at a magni-
fication of 1,000×.

2.4.3 Thermal gravimetric analysis (TGA) and
differential scanning calorimetric (DSC) analysis

TGA and DSC analysis of pure matrix and raw CIFs and
CIFs-g-poly(AAc) co-polymers-fortified polyester compo-
site samples were done using Mettler Toledo TGA/DSC
instrument in a nitrogen atmosphere with a flow rate
of 20 mL·min−1 at a heating rate of 15°C·min−1 and
10°C·min−1, respectively. Further, the temperature was
scanned from 20°C to 800°C in the case of TGA and from
20°C to 500°C in the case of DSC studies.

2.4.4 Dielectric properties

The different properties of composite samples were analyzed
utilizingWayne Kerr 6500B LCR impedance analyzer at 30°C
in the frequency range from 0 to 1 × 106 Hz. The composite
specimens of dimensions 10mm × 10mm × 2mm were
utilized for ascertaining the dielectric properties. The test
specimen after coating with silver paste and drying in the
air were used as formal electrodes by fixing copper wires
on both sides of the samples.

2.4.5 Dielectric strength

The breakdown voltage and dielectric stability of compo-
site specimens were evaluated in a Hipot 60 kV instrument

set specially designed for analyzing insulation character-
istics of solid materials. The testing instrument includes a
rectangular-shaped experiment chamber, a control panel,
and a transformer. The role of the test chamber, control
panel, and high voltage transformer was to carry out elec-
trical breakdown studies of insulating samples, to provide
a varying voltage between 0 and 60 kV, and to provide
a shield against unexpected short circuits and stumbling
off the high voltage when samples under observation
fizzle, respectively. Two cylindrical-framed brass elec-
trodes, having a diameter of 51 mm and thickness of
25 mm each have been utilized in the test chamber as
per the ASTM standard for examining the insulating
sheets. The sample material was placed between brass
electrodes and was completely drenched with oil of
superior quality for smooth investigation of electrical
breakdown and to control circuit failure.

2.4.6 Limiting oxygen index (LOI)

The LOI of pure resin and different composite specimens
was evaluated according to ASTM D-2863-77 in an
LOI-smoke-230 Oxygen Index instrument of Dynsco
Company. Further, impacts of zinc borate Zn3(BO2)3·5H2O
andMagnesium hydroxideMg(OH)2 fire retardant fillers on
LOI values of composite specimens were also studied.
Samples of size 100mm (length) × 6mm (width) × 3mm
(thickness) were utilized for LOI testing. For measurement
of LOI values, the test specimen was mounted on a spe-
cimen holder and ignited well with flame till it catches
fire properly and then the lowest percentage of oxygen
level was measured that will lead to the 50mm of samples
being burned continuously or will cause the specimens to
burn for 180 s, whichever will be earlier. During testing,
the level of oxygen was varied approximately by 0.2%
depending on whether the samples continued to burn or
not. Three samples of each material have been character-
ized at different oxygen/nitrogen flow rates.

3 Results and discussion

3.1 Mechanical properties

The assorted mechanical properties such as compressive,
flexural, and tensile strengths of raw and CIFs-g-poly
(AAc) strengthen UPE composites have been displayed
in Table 1.
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Pure UPE samples have been noticed to have a max-
imum tensile strength of 18.7 MPa, compressive strength
of 31.25 MPa, flexural strength of 51.7 MPa, and percent
elongation of 4.02%. The mechanical strength of the UPE
matrix has been noticed to enhance fortification with
raw CIFs, which were found to be further improved after
functionalization of CIFs with AAc. After analyzing the
results, it can be concluded that mechanical properties
of both virgin and functionalized CIFs-fortified UPE com-
posites improve with the increase in fiber stacking and
were observed to be maximum at 20% of fiber stacking.
However, a decline in mechanical behavior has been
noticed after an increase in percent stacking beyond
20%. Further, a noticeable improvement in compressive,
tensile, and flexural toughnesses of UPE composites has
been observed upon fortification with CIFs-g-poly(AAc)
fibers than raw fibers. This observance in the behavior of

CIFs-g-poly(AAc)-fortified UPE matrix-based composites
could be due to the enhancement in surface roughness
onto CIFs after surface functionalization which may result
in better wetness ability and adhesion with the matrix.

It has also been noticed that raw CIFs-fortified UPE
polymer composites exhibited a higher percentage of
elongation in comparison to CIFs-g-poly(AAc)-fortified
UPE composites. This behavior may further be associated
with improvement in interfacial adhesion between mod-
ified fibers and UPE matrix-based materials. In general, it
is considered that AAc is a hydrophilic monomer and it
may harm the overall mechanical performance of compo-
sites; however, no such results have been obtained. This
behavior could be assigned due to the formation of
hydrogen bonds as well as strong Van der Waals interac-
tions between carbonyl groups of polyester matrix and
hydroxyl groups of grafted poly(AAc) chains (Scheme 1).

Table 1: Mechanical properties of CIFs fortified polymer composites

Sample name Tensile strength (MPa) Compressive
strength (MPa)

Flexural strength (MPa) Percent elongation (%)

Virgin UPE 18.70 ± 0.62 31.25 ± 0.71 51.70 ± 0.86 4.02 ± 0.22
UPE-Rnf-10 wt% of raw CIFs 22.66 ± 0.75 35.60 ± 1.32 54.90 ± 2.45 3.61 ± 0.12
UPE-Rnf-20 wt% of raw CIFs 23.39 ± 0.62 38.18 ± 1.66 56.21 ± 2.89 2.61 ± 0.16
UPE-Rnf-30 wt% of raw CIFs 21.80 ± 0.88 36.48 ± 1.49 55.70 ± 3.02 2.40 ± 19
UPE-Rnf-40 wt% of raw CIFs 19.30 ± 0.78 35.72 ± 1.98 54.40 ± 2.45 2.14 ± 0.21
UPE-Rnf-10 wt% of CIFs-g-
poly(AAc)

23.58 ± 0.95 41.40 ± 1.55 58.96 ± 3.22 3.78 ± 0.33

UPE-Rnf-20 wt% of CIFs-g-
poly(AAc)

24.49 ± 0.58 42.10 ± 1.47 62.10 ± 2.06 2.48 ± 0.29

UPE-Rnf-30 wt% of CIFs-g-
poly(AAc)

23.02 ± 0.77 37.08 ± 1.98 56.59 ± 2.41 2.40 ± 0.26

UPE-Rnf-40 wt% of CIFs-g-
poly(AAc)

21.60 ± 0.86 35.5 ± 2.06 53.70 ± 2.19 1.82 ± 0.31
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Scheme 1: Scheme shows possible cross-linking between UPE, styrene, and CIFs-g-poly(AAc).
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3.2 Fourier transforms infrared analysis

The virgin UPE matrix exhibited various peaks at 3431.47,
2,985–2,880, 1738.11, 1600.61 and 1453.48, 1284.69, 1070.97,
and at 744.43 and 700.37 cm−1, which have been assigned due
to unsaturated C–H stretching, saturated aliphatic hydro-
carbon C–H stretching, ester carbonyl group stretching,
aromatic ring, in-plane –OH vibrations, due to unsatu-
rated in-plane deformation, and due to out-of-plane
bending deformations of aromatic C–H, respectively
(Figure 2a–c). However, on fortification of UPE with raw
particle CIFs, in addition to the aforementioned peaks, an
extra peak at 3,443 cm−1 because of O–H stretching of
hydrogen-bonded groups has been noticed, which confirms

the inclusion of raw CIFs into the UPE matrix. Further, on
reinforcement with graft copolymers, an enhancement in the
intensity of peaks at 1,600, 1728.95, and 1,285 cm−1 has been
observed because of the unsaturated (–CH–]CH–) groups
stretching, C]O stretching of pendant COOH groups present
in grafted poly AAc chains, and due to –C–H rocking
(–CH]C(COOH)–), respectively.

3.3 SEM

It is a phenomenal method for inspecting the surface
characteristics of composite samples. After evaluating

Figure 2: FTIR spectra of (a) pure UPE, (b) CIFs-Rnf-polyester, and (c) CIFs-g-poly(AAc)-Rnf-polyester composite specimens.
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the SEM micrographs (Figure 3) of pure UPE resin and
polymer composites fortified with raw and AAc graft-copo-
lymerized CIFs, it has been seen that the morphology of
pure UPE resin is unique in relation to its polymer compo-
sites fortified with raw and CIFs-g-poly(AAc) copolymers

in respect of smoothness and coarseness. In addition, a
poor interfacial adhesion was noted in-between raw CIFs
and matrix and has been noticed to be enhanced upon
graft copolymerization of CIFs with AAc monomer because
of the better-wettability of fibers and matrix.

3.4 Thermal analysis

The thermal behavior of pure matrix and UPE composite
samples fortified with raw CIFs and CIFs-g-poly(AAc)
copolymers have been depicted in Figure 4.

3.4.1 TGA

This technique measures the thermal stability of mate-
rials in terms of weight loss with respect to applied tem-
perature. In the case of the virgin polyester matrix,
single-stage deterioration was observed in-between

Figure 3: SEM images of (a) virgin matrix, (b) CIFs-Rnf-polyester,
and (c) CIFs-g-poly(AAc)-Rnf-polyester matrix-based polymer
composites.
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Figure 4: (a) TGA and (b) DSC curves of different composite samples.
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270°C and 450°C. The initial decomposition temperature
(IDT) and final decomposition temperature (FDT) of the
pure matrix, CIFs-Rnf-UPE, and CIFs-g-poly(AAc)-Rnf-
UPE composite specimens have been noted to be 325.05°C
and 441.48°C, 330.68°C and 438.09°C, and 329.29°C and
458.54°C, respectively, (Figure 4a). From this data, we can
conclude that CIFs-g-poly(AAc) degrade to a lesser extent
than raw fiber composites. Also, on looking at the degrada-
tion temperature (DGT) of the virgin matrix, raw CIFs-for-
tified polyester composites, and CIFs-g-poly(AAc)-fortified
polyester composites at 90%, 55%, and 20% of weight loss,
it can be concluded that surface-modified CIFs strengthen
polyester composites are highly stable than raw CIFs’
strengthen composites and neat matrix. The better thermal
quality of CIFs-g-poly(AAc) strengthen composites could
be because of extra Van der Waals and hydrogen bonding
between fiber and matrix. Further, the increase in the
thermal behavior of UPE matrix-based polymer compo-
sites after graft copolymerization of AAc onto CIFs has
been supported through DSC studies.

3.4.2 DSC analysis

In this technique, the difference in the amount of heat
needed to raise the temperature of the reference and
sample is measured with respect to applied temperature
and is a more advanced technique for analyzing the
thermal quality of polymeric materials. An endothermic
peak was observed for all composite specimens because
of the disruption of the glassy empire of the polymer net-
work (Figure 4b). The different thermal parameters such
as the temperature of decomposition (Td), enthalpy of
reaction (ΔHR), and levels/degree of crystallinity (Xc) of
CIFs and CIFs-g-poly(AAc)-fortified polyester composites
were evaluated from DSC curves, and outcomes have
been summed up in Table 2. The extent of crystallinity
was estimated by using Eq. 5:

( )      =

×

° ×

X H
H W

Degree of crystallinity Δ 100
Δc

R

R
(5)

where W is the mass proportion of matrix in the compo-
site specimens and °HΔ R is the enthalpy of reaction for
hundred percent crystalline UPE matrix which has been
taken to be 400 J·g−1 (44).

The thermal parameters have been noted to be affected
by the type of fillers used i.e., raw or surface-modified fillers.
From the table, we can conclude that Td of CIFs-fortified
polyester composites enhances after functionalization of
CIFs. The significant increase in thermal quality of sur-
face-tailored CIFs-fortified polymer composite could be Ta
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because of extra intermolecular bonding between CIFs and
matrix as the result of surface functionalization. In addition
to Td, surface functionalization has also been found to
impact both degrees of crystallinity and ΔHR of composite
specimens. An increment in the crystallinity of virgin UPE
matrix after its fortification with raw and surface functiona-
lized CIFs has been noticed. This behavior could be because
of the nucleating capability of raw and treated CIFs’ forti-
fying agents for crystallization of UPE. Further, a curtail-
ment in the degree of crystallinity of polymer composites
on fortification with CIFs-g-poly(AAc) copolymers has also
been observed due to the predominance of the non-crystal-
line region over crystalline after surface functionalization.

4 Dielectric properties

4.1 Dielectric constant, loss, and dissipation
factor

Dielectric constant (ε′) is a very essential parameter as it
provides valuable information regarding the dielectric

strength of the insulation material. This parameter is
quite helpful in choosing dielectric capacitor material of
suitable capacitance for their utility in capacitor banks
for electrical power factor enhancement of an electric
network installation as it checks the energy dissipated
in transmission lines. The ε′ of specimens can be calcu-
lated by utilizing Eq. 6:

′ = /ε Ct ε A,o (6)

where C is the capacitance, t is the thickness, ԑo is the
vacuum permittivity, and A is an area of the specimen
under testing. Further dissipation factor (tan δ), which
represents the amount of power dissolute, has been esti-
mated by using Eq. 7:

( )= ″/ ′ ″δ ε ε εtan here is the loss factor (7)

From Figure 5a it has been found that the dielectric
constant of raw CIFs-fortified polyester composite speci-
mens is slightly greater than pure UPE, which may be
because of the moisture-loving nature of biofibers that
will result in enhancement during conductivity of the
polyester composite materials. Fundamentally, the water
molecules which are absorbed by biofibers from the
environment are profoundly polar by nature and thus,
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Figure 5: (a) Dielectric constant vs frequency, (b) dielectric loss vs frequency, and (c) tan delta vs frequency for pure polyester matrix and its
composites fortified with CIFs and CIFs-g-poly(AAc).
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enhance the surface polarization characteristics of speci-
mens and are by and large answerable for such conducts
of raw CIFs strengthenUPE bio-composites. However, after
fortification of the polyester matrix with CIFs-g-poly(AAc)
copolymer, a decrement in dielectric constant values
due to a decrease in orientation polarization has been
observed (45,46).

From Figure 5b and c, it has also been noticed that
surface tailoring of fibers additionally reduce the dissipa-
tion factor and dielectric loss of biofiber-fortified polymer
composites. It may be because of lesser defects and better
size after the introduction of poly(AAc) chains onto the
surface of the fiber. Nonetheless, there is no specific reason
for the aforementioned conduct as dissipation factor or
dielectric loss also relies on fiber direction/orientation
(47). Since CIFs were irregularly embedded in bio-compo-
site specimens, there might be huge discrepancies in
dielectric behavior from one area to another of the samples
under study.

4.2 Dielectric strength

The dielectric durability of insulating materials is the
least voltage at which it breaks down under the stress

of the applied electric field in normal operating condi-
tions. This parameter gives us information about the
structural uniformity of the manufactured materials. No
doubt, such estimations are not acceptable for designing
materials, yet they provide some valuable information
regarding the electric stress sustain capability of insula-
tors that will be vital to hold up a specific voltage strength
in electrical appliances i.e., in electric motor, power
transformer, etc.

The dielectric strength of the composite specimens
was figured out by using the following formula:

=

( )/ ( )V
Dielectric strength
Breakdown voltage thickness mmb

(8)

Data on the dielectric strength of composite speci-
mens are given in Table 3.

From the table, it can be concluded that the dielectric
strength of the raw CIFs and CIFs-g-poly(AAc)-fortified
composite specimens is on the lower side than the pure
UPE matrix. The decrement in strength after fortification
with raw CIFs and CIFs-g-poly(AAc) might be because
of the existence of polar groups on the fibers’ surface
which promotes the progression of current. Further,
between raw CIFs and CIFs-g-poly(AAc) strengthen polye-
ster composites, the latter one was noticed to have a little
bit better dielectric strength because of the improved

Table 3: Dielectric strength and Vb of pure UPE matrix and its polymer composites

Sample Designation Thickness
[t] (mm)

Break down
voltage [Vb] (kV)

Withstand
voltage (kV)

Dielectric strength
(kV·mm−1)

Neat UPE 2 34 33 17.00
4 43 42 10.75

UPE-Rnf 20% of raw CIFs 2 29 28 14.50
4 35 34 08.75

UPE-Rnf 20% of CIFs-g-poly(AAc) 2 30 29 15.00
4 36 35 09.00

Table 4: Effect of fibers surface functionalization and fire retardants on LOI of UPE/CIFs/Fire retardants composites

UPE:CIFs ratio (% by weight) Fire retardant (% by weight of UPE) LOI

Neat UPE — 20
70% of UPE-Rnf-20% of raw CIFs — 19
70% of UPE-Rnf-20% of CIFs-g-poly(AAc) — 21
Neat UPE 30% of Mg(OH)2 23
70% of UPE-Rnf-20% of raw CIFs 30% of Mg(OH)2 23
70% of UPE-Rnf-20% of CIFs-g-poly(AAc) 30% of Mg(OH)2 23
Neat UPE 30% of zinc borate 22
70% of UPE-Rnf-20% of raw CIFs 30% of zinc borate 22
70% of UPE-Rnf-20% of CIFs-g-poly(AAc) 30% of zinc borate 23
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interactions between the matrix and surface-modified fibers.
The pattern acquired in the case of the study of dielectric
strength was found to be consistent with the trends got
during the investigation of dielectric constant and the dielec-
tric loss of polymeric materials.

5 LOI test

The data on impacts of CIFs, CIFs-g-poly(AAc) loading,
and inclusion of different fire retardants on LOI values of
resulted polyester bio-composites are given in Table 4. A
decrement in LOI values of the neat UPE matrix has been
found after fortification of the UPE matrix with raw CIFs
because of the highly flammable nature of CIFs. However,
after fortification of the UPE matrix with CIFs-g-poly
(AAc), LOI values increase because of the increment in
combustion temperature. The results obtained were dis-
covered to be following line with DSC/TGA results, which
likewise support better thermal quality of CIFs-g-poly
(AAc) copolymer-fortified UPE composites.

Further, an enhancement in LOI values of UPEmatrix-
based composites was investigated when fire retardants
(magnesium hydroxide/zinc borate) were utilized as fil-
lers. Maximum fire retardency was found in the case of
magnesium hydroxide-filled polymer composites because
of their better thermal quality than zinc borate (48). On the
utility of magnesium hydroxide/zinc borate in combina-
tion with raw CIFs and CIFs-g-poly(AAc) as a fortifying
agent, the LOI values i.e., fire retardant characteristics of
resulted composite specimens have been noticed to be
further enhanced.

6 Physico-chemical properties

Data on water absorption, chemical resistance behavior,
and moisture absorption behavior are given in Tables 5–7,
respectively.

Table 5: % Water absorbance by neat UPE, UPE-Rnf-raw CIFs, and
UPE-Rnf-CIFs-g-poly(AAc)

Sample designation After number of days

10 20 30 40 50

Virgin UPE 0.01 0.09 0.19 0.99 1.65
UPE-Rnf-20% of raw CIFs 3.95 5.74 6.98 7.76 7.94
UPE-Rnf-20% of CIFs-g-
poly(AAc)

3.92 5.71 6.12 6.80 7.02
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Pure polyester resin exhibited low % of water and
moisture absorption than raw CIFs and CIFs-g-poly(AAc)-
fortified polyester composites because of the non-hydrophilic
nature of the polymer matrix. However, the introduc-
tion of raw CIFs and CIFs-g-poly(AAc) copolymers in
polymer matrix causes enhancement in moisture absorp-
tion and % water absorption behavior. This might be
because of the formation of hydrogen bonding and
increased Van der walls interaction between water mole-
cules and hydrophilic biofiber, which have been exposed
at the surface of composite samples to the outer environ-
ment. Further, negligible improvement was observed on
moisture absorption andwater absorption after surface func-
tionalization of CIFs.

The chemical resistance of pure polymer matrix and
composite specimens toward acid and alkali decreases
with an increase in normality as well as with the time
of contact and has been observed better against acids
in contrast to the base. If we compare the stability of
different polymer composite specimens against chemi-
cals, then we observe that the neat polyester matrix is

highly stable followed by CIFs-fortified and CIFs-g-poly
(AAc)-fortified polyester composites. The poor stability of
CIFs-g-poly(AAc)-fortified polyester composites could be
because of the dissolution of grafted AAc chains in
acidic/basic medium (49), which will lead to the deep
penetration of acid/base in the specimen, and thus ulti-
mate failure of specimens has been noticed. In addition,
poor chemical resistance of raw CIFs-fortified polyester
composite than virgin matrix was also noticed, which
may be due to the removal of waxes and hemicelluloses
contents from fibers’ surface and deep penetration of
chemicals.

7 Biodegradability study

The percent biodegradability or biodegradation of the
pure matrix, and raw and CIFs-g-poly(AAc)-fortified com-
posite specimens have been depicted in Figure 6. From
the figure, it has been found that biodegradation of the
polyester matrix enhances fortification with raw and
surface-tailored CIFs. However, between raw CIFs and
CIFs-g-poly(AAc) co-polymers, the former one was noticed
to have better biodegradation.

The inferior biodegradation of CIFs-g-poly(AAc)-fortified
UPE bio-composites could be because of the improved
interaction between surface tailored fibers and matrix,
which will lessen exposure of CIFs to the outer atmosphere
and hence will result in a decrement in the biodegradation.
In addition, decrement in biodegradation of surface tailored

Table 7: % Moisture absorption shown by neat UPE, UPE-Rnf-raw
CIFs, and UPE-Rnf-CIFs-g-poly(AAc) at different humidity levels

Sample designation % Humidity levels

20 50 80

Virgin UPE 0.08 0.11 0.25
UPE-Rnf-20% of raw CIFs 0.46 0.67 0.86
UPE-Rnf-20% of CIFs-g-poly(AAc) 0.45 0.65 0.84
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Figure 6: % Weight loss of composite specimens after (a) 6 and (b) 12 months (A, B, and C stands for pure matrix, raw CIFs-fortified UPE
composites, and CIFs-g-poly(AAc) strengthen UPE composite samples, respectively).
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fibers fortified polyester may be assigned due to non-biode-
gradable nature of grafted vinyl chains onto biofibers.

8 Conclusion

From the above investigations, it has been noticed that
compressive, tensile, and flexural strengths of UPE matrix
improve after fortification (20wt%) with the raw CIFs, and
were found to further enhance by 11.02%, 10.61%, and
11.04%, respectively, after surface tailoring of fibers. Further,
the dielectric constant, dielectric strength, and physico-
chemical properties of UPE resin, have been found to
decline after fortification of UPE matrix with biofibers; how-
ever, between raw CIFs and CIFs-g-poly(AAc) reinforced
composite, better results were found with CIFs-g-poly(AAc)
graft copolymers. Also, during the evaluation of moisture
and water absorption characteristics of raw and functio-
nalized CIFs-based polymer composites, it has been
noticed that the latter is comparatively better resistant to
moisture/water molecules. However, low chemical stabi-
lity for CIFs-g-poly(AAc) graft copolymers-fortified UPE
composites was observed against acid and base as com-
pared to neat and raw CIFs strengthen UPEmatrix. The fire
resistance characteristics of the matrix were found to be
increased after fortification with raw fibers and have been
noticed to further enhance after fortification with surface
functionalized fibers. However, a negligible impact was
observed on fire retardancy after the addition of fire retar-
dants. Further, an increase in biodegradation of matrix has
also been noticed with the addition of bio-fillers.

The motive of the present work was to explore the
reinforcing ability of underutilized CIFs and to evaluate
the impact of graft copolymerization technique on the
properties of the resulted UPE matrix-based composites.
Since during the study, we have noticed that CIFs has the
tremendous reinforcing ability and also leads to enhance-
ment in thermal, dielectric, and fire-resistant properties
of polyester composites, these UPE resin-based polymer
composites play a remarkable role in polymer composite
industries more particularly in fabricating of automobile
parts, dielectric materials, building materials, and door
panels.
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