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Abstract

The present investigation was performed to study the effect of titanium carbide (TiC) nanoparticles and coir fiber as hybrid
reinforcements on the physical, mechanical characteristics, and thermal stability of Coir fiber/TiC epoxy composites. The
hand layup technique was applied for the fabrication of composites by reinforcing a fixed quantity of coir fiber (0, 5, and 10
wt%) and TiC nanoparticles (0, 5, and 10 wt%) in the proportion of bio-epoxy Sr 33 (100, 95, and 90 wt%) and synthetic
epoxy (100, 95, and 90 wt%) resin. The cured specimen were subjected to flexural, tensile, impact, shore hardness, and
chemical resistance tests. The fracture surface of the epoxy composites was investigated from a scanning electron micro-
scope (SEM). From the outcomes, it was found that the reinforcement of coir fiber in epoxy polymer showed better than the
neat polymer in most of the considered properties. The incorporation of TiC nanoparticles in coir fiber/epoxy composites
exhibited some improvement in the mechanical characteristics (tensile strength by 4.99% and flexural strength from 115.05
to 124 MPa) and thermal stability (up to 402.71 °C) of the developed composites, which have a resistance under different
loading conditions.
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Introduction

In recent years, the various natural-based fibers such as
hemp, sisal, jute, kenaf, and coir have earned noticeable con-
sideration as a reinforcement material to polymers because
of their benefits over the conventional synthetic fibers as
lower weight, low cost, higher mechanical properties, renew-
ability and biodegradable [1-4]. The plant cellulose fiber-
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resilience [9-11]. The matrix is an essential component of
the fiber-based composites due to it offers a shield against
the adverse environments, defends the surface of the fiber
from mechanical scrape/scratch, and transmits the load to
the reinforced fibers. In general, matrices presently uti-
lized in the plant cellulose fiber composites are polymers,
which includes thermosets and thermoplastics. Even though
the thermoplastic polymers have the benefit of efficiently
recycled, higher mechanical characteristics are commonly
attained with thermoset polymers such as polyester, vinyl
ester, and epoxy resin [12]. The significant limitations of
plant cellulose fibers as reinforcements in polymeric lami-
nates are incompatible between the hydrophobic and hydro-
philic behavior of matrix and cellulose fiber, respectively
[13, 14]. These characteristics tend to poor matrix-cellulose
fiber adhesion and inefficient mechanical performance as an
outcome of the lower content of cellulose fiber and matrix
load transmission [15].

To enhance the performance of coir fiber in epoxy com-
posites further, some investigators applied synthetic fibers
like Kevlar, aramid, and glass as peripheral reinforcement
materials. It is observed that the mechanical characteristics
of the fabricated coir hybrid epoxy composites with the
reinforcement of Kevlar fiber, and glass fiber was improved
by 5.15, and 2.67 times respectively when compared with
the coir fiber epoxy composites [16—18]. Nonetheless the
synthetic/coir fiber hybrid laminates provided higher char-
acteristics, they also have certain issues like decrement in
bio-degradability and increment in cost of fabrication for
the hybrid laminates [19]. To overcome this problem, the
coir fiber based hybrid laminates were developed with
some well-established plant fibers such as luffa fiber (ten-
sile strength of 29.67 MPa, flexural strength of 110.55 MPa,
impact strength of 7.5 kJ/m?) [20], sisal fiber (tensile
strength of 371.18 MPa, flexural strength of 80.98 MPa and
impact strength of 27.43 kJ/m?) [21], and palmyra palm fib-
ers (tensile strength of 40.31 MPa, compression strength
of 45.8 MPa, flexural strength of 118.21 MPa, and impact
strength of 48.2 kJ/m?) [18] and improved the mechanical
characteristics of the epoxy hybrid composites. Rahman
et al. [9] investigated the effect of coir fiber reinforcement in
polymethacrylate matrix and found that there is a significant
improvement in the tensile properties (tensile strength up to
160 MPa) with the 20% of alkaline treatment followed by
the grafting process modified with 50% of ethylene dimethy-
lacrylate under lower effect of Ultra-violet radiation. Zhang
and Hu [11] the combination of rice straws and coir fibers
have been utilized as a potential reinforcement for particle-
board composites and found that the increment of coir fiber
improved the bonding strength by 365.85% and reduced the
tensile strength by 40.34% and also observed as 40 vol% of
fiber content as an optimal condition.
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The incorporation of particles has become an essential
technique to enhance the characteristics of composite mate-
rials. Presently, nanofillers have been broadly utilized in
polymers, ceramics, and metals, etc. [22—-24]. While com-
paring with traditional micro-particles, the mechanical char-
acteristics of nanofiller reinforced polymer composites are
significantly enhanced because of the larger surface area.
For fiber-reinforced polymer composites (FRPCs), nanofiller
(metal, carbon, mineral, and ceramic-based) can be utilized
to enhance the fatigue resistance, delamination of FRPCs,
fracture toughness, impact energy and interlaminar shear
strength [25]. Also, in particle reinforced polymer compos-
ites; nanofillers have been actively used in various fields such
as surface coatings, cold spray, microfluidics, etc. [26-28].
Presently, broad investigations have been performed to deter-
mine the mechanical characteristics of particle incorporated
polymer composites. Li et al. have produced polyimide/silica
zeolite blend, polyimide/functionalized silica zeolite com-
posite, and polyimide films by irregular copolymer conden-
sation process. The outcomes exhibit that the functionalized
composite film presents the better toughened and reinforced
characteristics, which substantially decrements the dielec-
tric constant and improves the efficiency of protection from
ultra-violet radiation [29]. Feng et al. have investigated the
general electro-mechanical characteristics of nanofiller
reinforced polymer laminate with a uniform distribution
of nanofillers within the matrix [30]. Rianyoi et al. have
produced piezoelectric ceramic reinforced Portland cement
composite materials without using lead and mixed barium
titanate particles under different concentrations and sizes.
The outcomes exhibited that electromechanical characteris-
tics are improved with incrementing the particle size [31].
Nam et al. have illuminated a hasty technique to enhance
the thermo-mechanical features and electrical conductivity
of silver nanowire reinforced polymer-based composites by
strengthening silica nanofillers within the matrix. The out-
comes signify that an electrical network can be produced at
a lower volume proportion of silver nanofiller [32].

Recently, many scientists have introduced different
types of nanoparticles as an additive or filler to enhance
the thermal and mechanical features of the fiber reinforced
polymer composites. Pathak et al. investigated the electrical
and thermo-mechanical characteristics of reduced graphene
oxide incorporated polyaniline-dodecylbenzene sulfonic
acid-based polymer nanocomposites and found that the rein-
forcement of 0.3 wt% of reduced graphene oxide enhanced
electrical, interfacial, and thermo-mechanical characteris-
tics of polymer nanocomposites [33]. Hence, plant cellulose
fiber hybridization with nanoparticles has currently shown
an interest in attaining higher mechanical components. It
has been noted that the addition of a very lower percent-
age of nanoparticles significantly enhances the structural
properties of cellulose fiber-reinforced polymer laminates



Journal of Polymers and the Environment (2021) 29:2609-2627

2611

[34-36]. Seretis et al. studied the effect of sonication on
graphene/glass fiber reinforced epoxy polymer nanocompos-
ites for mechanical characteristics and found that the incre-
ment in sonication time improved the tensile properties and
decreased the flexural strength of polymer composites [37].
Pathak et al. investigated that the addition of graphene oxide
till 0.3 wt% in carbon-based epoxy composites improved the
shear and flexural strength, and followed a backtrack trend
under higher concentration of graphene oxide [38, 39].

The desired characteristics of polymer composite is
attained by reinforcing two or more nanofillers in the matrix.
Presently, the researchers are focusing on a new kind of
nanofillers to produce high performance polymer compos-
ites. Apart from these, ceramic materials are an efficient
solution to offer the superior characteristics to polymer com-
posites, due to their unique features than traditional nanofill-
ers. Ceramic materials are well established in the field of
composite materials due to they can be utilized in different
applications such as semiconductors, batteries, transducer,
and any other mechatronic devices [40—42]. Among the dif-
ferent types of ceramic materials, titanium carbide (TiC) is
a well-established ceramic filler material for metal and poly-
mer based composites because of a higher melting point, rel-
atively lower coefficient of thermal expansion, higher elastic
modulus and wear resistance [43-46]. Composite schemes
containing a polymer resin and conductive particulates of
TiC have been employed as a new division of engineering
materials, due to its capability to move from negative to
positive temperature conductivity coefficient [47]. These
particles are presently applied as reinforcement material to
any metals or alloys for producing thermally stable mate-
rial to withstand at enormous temperature because of its
melting point of 3065 °C [48]. Dogan et al. fabricated steel
and nickel-based composites with higher wear resistance by
adding a lower volume of TiC particles, and found improve-
ment in mechanical and tribological characteristics [49]. The
epoxy polymer reinforced with nitrogen-doped graphene and
TiC particles for high-performance absorbers production
and found that it can be applicable for electromagnetic and
dielectric applications [50]. El-Tantawy investigates the TiC
micro-particles reinforced EPDM (ethylene-propylene-diene
monomer) and found that there is an improvement in the
thermal conductivity of the composites significantly under
the higher loading of TiC filler [51].

Moreover, significant interest has not been observed on
the physical characteristics of the polymer composites rein-
forced with TiC nanoparticles [51]. Nevertheless, the TiC
has been found to enhance the properties of fiber-reinforced
polymer composites, but there is no previous investigation
on developing coir fiber reinforced epoxy polymer lami-
nates with TiC as filler material. The overall TiC market
is increasing because of various processing methods, the
comfort of processing, lower cost, and a broad area of

applications. Also, a lower concentration of TiC is sufficient
for the transformation of polymer-based nanocomposites.

With the increasing demand for TiC particles in different
applications, TiC is forecasted to be applicable at a cheaper
rate in the upcoming future. Considering the enhancement
in materials’ characteristics because of reinforcement of TiC
nanoparticles, in the current work, the influence of the same
on coir-based polymer composites is beneficial. The objec-
tive of this present investigation is to examine the impact
of TiC nanoparticles on the physical, mechanical, and ther-
mal characteristics of epoxy laminates reinforced by coir
fiber. TiC/coir/bio epoxy Sr 33 and TiC/coir/synthetic epoxy
composites are fabricated using a hand layup technique. To
study the impact of TiC nanoparticles on coir/bio and coir/
synthetic epoxy composites, mechanical property tests such
as flexural, tensile, impact, and hardness along with porosity,
density, water absorption, chemical resistance, contact angle,
and thermal stability are conducted.

Materials and Methods
Materials

In this present investigation, two types of epoxy resins have
been utilized, such as Bio epoxy Sr 33 (GreenPoxy, (GP33)
with Surf Clear ultra-slow hardener SD 4990) and syn-
thetic epoxy Epotec YD-535 LV were utilized as a matrix.
From the manufacturer’s data, the viscosity of bio epoxy
Sr 33 resin and hardener SD 4990 are 410-6380 mPa s and
8-25 mPa s respectively, and the density of bio epoxy Sr
33 and hardener SD 4990 is 1.159 g/cm® and 0.95 g/cm?,
respectively, produced by Sicomin epoxy systems, France
and procured from Alpha Composition International Co.
Ltd., Thailand. Synthetic epoxy resin YD-535 LV, semi-
solid viscous materials, with a viscosity of 1235 cP and
hardener of Epotec TH-725 with 10-20 cP are applied as
a matrix in the present investigation, obtained from Aditya
Birla Chemicals (Thailand) Limited. The coir fibers supplied
from Tongmongkol Coconut fiber, Prachuapkhirikhan, Thai-
land, was utilized as a reinforcement for the fabrication of
bio epoxy and synthetic epoxy composites. The nanofiller,
i.e., TiC, was purchased from Zhuzhou Sanyinghe Interna-
tional Trade Co., Ltd., China, with a particle size of 10 nm
also utilized as secondary reinforcement material.
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Fabrication of Epoxy Composites
Processing of Coir Fibers

The coir fibers were washed and cleaned with flowing water
to discard the dirt particle and then dried in sunlight for 3
days to remove the residual moisture content. The coir fibers
are sectioned in small pieces, then transferred to Universal
cutting mill, Pulverisette 19, FRITSCH, to convert the fibers
into micro-particles. The obtained milled coir micro-fibers
were further handled by sieving to collect the particle size
less than 250 um.

Development of Composite Material

The resin, hardener matrix, and the reinforcement elements
were weighed into different weight fractions with the help of
a digital weighing device. The specimen for the coir fiber and
TiC nanoparticles/bio epoxy Sr 33 (BE33) and synthetic epoxy
(SE) were weighed for each condition, as shown in Table 1.
Similar steps were followed for synthetic epoxy composites
separately.

Blending of the Components

The manual mixing of the components was applied to achieve
a homogeneous distribution of particles within the polymer
matrix. The coir micro-fibers and the TiC nanoparticles were
combined with the hardener and epoxy, which was efficiently
stirred with the help of a glass rod for 10 min to achieve the
homogeneous dispersion. The combined mixture was imme-
diately transferred into the die mold to avoid premature curing
and permitted to vacate for ultra-slow curing time. Then, the
fabricated samples were removed from the die mold and trans-
ferred to the heating furnace for 80+2 °C for 24 h to remove
the residual moisture content.

Table 1 Bioepoxy Sr33 and synthetic epoxy fabricated samples

Characterization of Epoxy Composites
Physical Properties

The actual density of both bio epoxy Sr 33 and synthetic epoxy
was determined by soaking weight method according to the
ASTM D 792 standard test for the density of plastics and spe-
cific gravity from the Eq. (1).
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where p,, is the actual density of the fabricated epoxy
composite material, W;.,,, is the weight after soaking in
water and W, is the actual weight of the fabricated epoxy
composite

The theoretical density of bio epoxy Sr 33 and synthetic

epoxy can be achieved from Eq. (2).
1
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where p,,,, 1s the theoretical density of epoxy composite, Wy,
is the weight fraction of coir micro-fiber/TiC nanoparticles,
W, is the weight fraction of polymer (bio epoxy Sr 33 or
synthetic epoxy), p; is the density of coir micro-fiber/TiC
nanoparticles, pp is the density of polymer (bio epoxy Sr 33
or synthetic epoxy). The difference between the actual and
theoretical density of epoxy composite signifies the content
of void as per the ASTM D 2734 standard. Hence, the void
fraction (V) of the epoxy composite can be calculated from
the Eq. (3). Five samples were experimented for the verify-
ing the reproducibility of the outcomes.
Ptheo — Pact
Vf Piheo (3)
The epoxy composites were sectioned and employed
in glass slit, with a curing technique under 120 °C for

Composite type Description Coir fiber TiC Nanoparticles

BE33 Pure Bio-epoxy Sr 33 - -
(GreenPoxy GP33 with Surf Clear ultra-slow hardener SD 4990)

CBE33 GreenPoxy GP33 Reinforced with coir fiber 10 wt% -

ABE33 GreenPoxy GP33 Reinforced with TiC Nanoparticles - 10 wt%

CABE33 GreenPoxy GP33 Reinforced with both coir fiber and TiC Nanoparticles 5 wt% 5 wt%

SE Pure synthetic epoxy - -
(Epotec kind) YD-535 LV with Epotec TH-725

CSE Epotec YD-535 LV Reinforced with coir fiber 10 wt% -

ASE Epotec YD-535 LV Reinforced with TiC Nanoparticles - 10 wt%

CASE Epotec YD-535 LV Reinforced with both coir fiber and TiC Nanoparticles 5 wt% 5 wt%
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600 seconds. The polishing procedures were conducted
as per the sequence: 240, 400, 600 grit emery sheet. After
the preparation of the surface, the fabricated epoxy com-
posites were examined with polarized optical microscope
HRM-300 from HUVITZ. The microscopic image exami-
nation was performed in the cross-sectional area of the
fabricated epoxy composites, with 200x magnification and
images were collected from DP 70 camera system. Finally,
the images were examined using Imagel software, and the
mean value of porosity was determined from processed
micrographs, which is utilized as an equivalent to the dis-
tribution of pore size and volume fraction of void content.
Five samples of 15 mm square were sectioned for water
absorption test as per the ASTM D 570 standard from the
fabricated epoxy composites. After the post-curing, the
specimen was cooled over silica gel granules in desicca-
tors before the water absorption was measured. The water
absorption test was performed by immersing the sectioned
samples in deionized water for 45 days and determined the
weight increment when compared with the original weight
after the post-curing of the sample. The test was conducted
at room temperature of 24 +2 °C and 60% Relative humid-
ity. Eq. (4) has been used for estimating the water absorption
capacity of fabricated epoxy composites is shown below:

WA W, =W,
T Tw, “
where W, is the weight of the sample before soaking and
W, is the weight of the sample after 45 days of soaking in
distilled water
Contact angle measurements of epoxy composites were
determined with optical contact angle (OCA) 15 LJ data
physics under room temperature (28 +2 °C and 60 +2%).
For contact angle investigation, 1 uL of distilled water was
poured on the sample surface using a glass syringe. The
left and right side of the contact angle measurements were
reported after equilibrium. For every specimen, the mean
value of five readings was recorded as an outcome.

Mechanical Properties

The tensile test was conducted to measure the tensile stress
of the epoxy-based polymer composites reinforced with
either coir fibers or TiC nanoparticles and both. The samples
were produced in a rectangular shape, in dimensions (100
(length) x 20 (width) x 3 (thickness) mm) and gauge length,
as per the ASTM D 3039 standard. The test was conducted
with a crosshead speed of 1 mm/min until fracture.

The flexural test specimen was produced according to
the ASTM D 790 standard under a three-point bending test
in Universal Testing Machine. The deflection of the epoxy
polymer composites estimated under the compressive force

until the sample cracks or breaks. The flexural force and
displacement determined from the UTM for all the test
specimens.

In every condition, tests were repeated five times, and the
mean quantity was considered. The tests distributed with
room temperature and relative humidity of 28 +2 °C and
60 +2%, respectively. The dimension of the epoxy samples
for this test was 80 (length) x 15 (width) x 3 (thickness) mm.

The impact strength of epoxy polymer composites is its
capability to absorption of energy from the impact force
in the appearance of a smooth surface that focuses on the
stresses. The Izod impact experiment was conducted accord-
ing to the ASTM D 256 standard, with a dimension of 62.5
(length) x 12.5 (width) x 3 (thickness) mm.

The shore hardness of the epoxy-based polymer compos-
ites with coir fiber or TiC nanoparticles or both were experi-
mented using Shore D indenter hardness testing machine.
The indenter was pressured on the surface of composite sam-
ples till the bottom surface of the indenter is in complete
contact with the composite. The dial gauge on the hard-
ness testing machine signifies the value of the hardness of
the composites. The same specimen was conducted under
ten different locations of the composite specimen, and the
mean hardness outcomes were measured. All the mechanical
experiments were conducted in five replicates.

Fracture

Fracture examination of damaged samples was conducted
from a tabletop scanning electron microscope in an FEI
Quanta 450, operated with a higher vacuum medium under
a secondary electron of 15 kV.

Fourier Transform infrared (FTIR) Spectra

FTIR was utilized to examine the epoxy composites with
and without reinforcements of coir fiber or TiC nanopar-
ticles or both particles, and a Perkin Elmer Spectrum 2,
FTIR spectrometer was applied to determine the functional
groups of both bio epoxy and synthetic epoxy composites,
and the chemical bonds developed between the coir fiber or
TiC nanoparticles or both and epoxy polymer. The tested
specimen was converted into fine powders using a drilling
machine and comprised with potassium bromide (KBr), then
compressed into die with 10 mm of diameter under 70 MPa
before the experimentation process. The wavenumber was
ranged between 4000 and 400 cm~! with a resolution of
lem™.
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Thermal Characteristics

Thermogravimetric analysis (TGA) investigation was per-
formed for epoxy polymer composites (5 (length) x 5 (width)
x 3 (thickness) mm) incorporated with either coir fiber or
TiC nanoparticles or both with the heating rate of 15 °C/min
in the nitrogen atmosphere using TGA 2, Mettler Toledo,
TGA/DSC 3+ HT/1600, Switzerland. The thermal decom-
position of all samples appeared in a temperature range
between 30 and 700 °C, and the weight loss performed and
examined to measure the thermal characteristics. TGA also
consists of degradation around 300 °C, and residual carbon

Fig. 1 FTIR spectra of coir
fiber/TiC reinforced epoxy com-
posites. a Bio-Epoxy 33 and

b Synthetic epoxy composites

content was observed at 600 °C from derivative thermo-
grams (DTG).

Chemical Resistance Characteristics

The chemical resistance tests were performed by immers-
ing the sample for 15 days under room temperature. The
fabricated epoxy samples were positioned into differ-
ent plastic cylindrical containers with alkali (10 wt% of
NaOH), acid (30 wt% of H,SO,), and NaCl (10 wt%).
Visual observations were performed for deterioration,
softening, or damage like cracks, spoil, or blisters.
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Results and Discussion
Effect on FTIR Spectra

Figure 1a and b shows the FTIR spectra of bio and syn-
thetic epoxy polymer composites, respectively. The major
wavenumber bands established in Fig. la are 3438.44,
3444.56, 3444.88, and 3438.42 cm™! for BE33, CBE33,
ABE33, and CABE33 respectively, whereas Fig. 1b are
3437.43, 3427.97, 3434, and 3435.19 cm™! for SE, CSE,

ASE, and CASE respectively indicated to Si—OH stretch-
ing of hydroxyl groups or moisture [52]. The various bands
such as 2926.24, 2926.55, 2925.31, 2926.33, 2926.95, and
2924.75 cm™! for BE33, CBE33, CABE33, SE, CSE, and
CASE respectively for OH groups of cellulose, whereas
these wavenumbers are absent in ABE33 and ASE [53].
Bands 1298 cm™, 1249.84-1107.23 cm™!, 1032-1036 cm ™,
and 1584—1581 cm™" are designated to C-O aromatic, C-O
aliphatic, C-O alcoholic, and C=O0 stretching respectively
as shown in the table in 2 and 3 for bio epoxy and syn-
thetic epoxy composites. C=0 is absent in BE33, ABE33,

Table 2 Assignment of FTIR spectrum of coir fiber/TiC reinforced bio epoxy 33 hybrid composites

Assignment BE33 CBE33 ABE33 CABE33
Si—OH stretching 3438.44 cm™ 3444.56 cm™! 3444.88 cm™! 3438.42 cm™!
O-H stretching 2926.24 cm™! 2926.55 cm™! Absent 2925.31 cm™!
C=C stretching 1610.86 cm™ 1609.95 cm™! 1611.29 cm™ 1609.48 cm™!
NO, asymmetric stretching 1509.13 cm™! 1509.14 cm™ Absent 1509.15 cm™!
N-H stretching 1459.13 cm™! 1459.12 cm™ Absent 1459.19 cm™!
C—H bending 1382.7 cm™! 1382.58 cm™! Absent 1376.52 cm™!
C—O Aromatic stretching 1298.3 cm™! 1297.37, 1250.51 cm™! 1298.49 cm™! 1297.58 cm™!
C-0 aliphatic stretching 1249.84, 1182.17, 1182.13, 1106.16 cm™ 1249.83, 1182.24, 1249.9,
1107.23 cm™! 1106.68 cm™! 1182.15,
1106.83 cm™!
C-O0 alcoholic stretching 1032.41 cm™ 1036.31 cm™ 1036.21 cm™ Absent
C—H out of plane bending 828.7 cm™! 827.31 cm™! 828.8,766.61 cm™! 827.92 cm™!
C-H asymmetric stretching Absent 2869.05 cm™! Absent 2855.74 cm™!
C-H symmetric stretching Absent 2964.46 cm™! Absent Absent
C=O0 stretching Absent 1583.02 cm™! Absent Absent
N-H bending Absent 1541.79 cm™! 1551.5 Absent
Table 3 Assignment of FTIR spectrum of coir fiber/TiC reinforced synthetic epoxy hybrid composites
Assignment SE CSE ASE CASE
Si—OH stretching 3437.43 cm™ 3427.97 cm™ 3434 cm™ 3435.19 cm™
O-H stretching 3037.45,2926.33 cm™! 2926.95 cm™! Absent 2924.75 cm™!
C=C stretching 1609.59 cm™ 1609.35 cm™ 1609.09 cm™! 1610.02 cm™
NO, asymmetric stretching  1509.16 cm™ 1509.16 cm™ Absent 1509.18 cm™
N-H stretching 1462.84, 1455.91 cm™! 1459.17 cm™! Absent 1459.18 cm™!
C-H bending Absent 1382.54 cm™! Absent 1382.31 cm™!
C-0 aromatic stretching ~ 1297.57 cm™ 1297.76 cm™! 1298.08 cm™! 1297.19 cm™!
C-O aliphatic stretching ~ 1249.75, 1182.24, 1249.67, 1182.22, 1249.03, 1182.94, 1249.87,
1106.14 cm™! 1106.91 cm™! 1107.04 cm™! 1182.09,
1106.56 cm™"
C-0 alcoholic stretching 1037.69 cm™! 1036.49 cm™! 1037.64 cm™! 1037.36 cm™!
C-H out of plane bending  963.45, 827.81, 767.76 cm™! 828.49, 766.42 cm™! 829.19, 737.13 cm™! 828.21 cm™!
C-H asymmetric stretching Absent 2870.12 cm™! Absent 2855.59 cm™!
C—H symmetric stretching ~ 2964.29 cm™! 2964.46 cm™! Absent Absent
C=O0 stretching 1581.97 cm™! 1582.56 cm™! Absent 1582.81 cm™!
N-H bending Absent 1541.99 cm™! Absent 1541.98 cm™!

@ Springer



2616 Journal of Polymers and the Environment (2021) 29:2609-2627
Fig. 2 Coir fiber/TiC nanoparti- 0.30 7 0.34 7
cles reinforced epoxy compos- i
. . . . = 0.28 =
ites a void fraction of bioepoxy ] g 0.29 |
composites b void fraction of 5 0.26 1 § ’
synthetic epoxy composites, h i =
; . = 0.24 =
linear correlation between the c S 024 1
actual density and void fraction > 022 1 >
¢ bioepoxy and d synthetic 0.20 . . . . 019 . . . .
CpOXY BE33  CBE33 ABE33 CABE33 SE CSE ASE  CASE
Type of composite material Type of composite material
(@ (b)
0.3 1 0.34 1
g0 .
S 0.26 1 R
= &=
= 0.24 1 =
& 5 0.24 1
> 022 1 >
0.2 T T 1 0.19 T ]
1.3 1.4 1.5 1.6 1300 1500 1700
Actual density in kg/m? Actual density in kg/m?
(© (d)

CABE33, and ASE. The asymmetric and symmetric stretch-
ing vibration appeared in the range of 2850—-3000 cm™!
assigned to CH, and CH; bending, which is absent in
BE33, ABE33, and ASE composites [54]. From Tables 2
and 3, it is also observed that the bands 1385-1370 cm™! and
1612-1609 cm™! are assigned to the C—H bending and C=C
stretching of the groups in carbohydrates [53]. Similarly, the
C-H bending is absent in ABE33, SE, and ASE samples.
The potential bands 1510-1509 cm™" and 14601459 cm™'
correspond to the NO, asymmetric stretching and N-H
stretching, respectively, which signifies the aromatic vibra-
tion of lignin content. Also, a small band 964—737 cm™! was
assigned to C—H out of plane bending deformation, which is
also depicted in Tables 2 and 3 for bio and synthetic epoxy,
respectively [53, 55]. Due to the presence of different func-
tional groups, the complex behavior of the polymers, and
the content of TiC nanoparticles, it is challenging to dif-
ferentiate between the FTIR spectrum of with and without
TiC nanoparticles in bio and synthetic epoxy composites.
Ceramic particles commonly show absorptions between 940
and 500 cm™!, while TiC exhibits the characteristics of Ti—C
absorption in the wavenumber between 500 and 600 cm™!
[56]. The main difference reported in the FTIR spectrum of
both pure epoxy and TiC reinforced epoxy composites is the
occurrence of a weak Ti—C absorption under the wavenum-
ber 600-450 cm™! for ABE33, CABE33, ASE, and CASE
samples which affirms the presence of TiC nanoparticles
within the polymer matrix. The absence of epoxide oxirane
ring (C—0O-C) in the wavenumber of 900-940 cm~! and
amide II band for N-H bending at 1552-1541 cm™" signifies
the formation of linkages between the matrix and reinforced
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Table 4 Effect of coir micro-fiber/TiC nanoparticles on density and
void fraction of epoxy composites

Actual density Theoretical density Void
fraction
(Vo)
BE33 1137.77 1467.73 0.22
CBE33 1092.41 1438.37 0.24
ABE33 1085.71 1409.61 0.23
CABE33 1002.76 1395.51 0.28
SE 1269.73 1587.17 0.20
CSE 1083.44 1491.94 0.27
ASE 1052.61 1402.43 0.25
CASE 871.16 1318.28 0.34

fillers and complete curing of the polymeric matrix respec-
tively, whereas the N-H bending is absent in BE33, ABE33,
SE, and ASE composites [57, 58].

Effect on Physical Properties
Density

The information of void content and density in a specific
epoxy polymer composite is necessary to measure nature.
The actual density, void fraction, and theoretical density of
these composites were determined as per the standards, and
the outcomes are shown in Table 4. The theoretical den-
sity of epoxy composites, determined from Eq. (2), reduced
with the addition of coir fiber or TiC nanoparticles, and a
similar trend is also examined in the actual density of epoxy
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composites. The actual densities calculated from Eq. (1)
are comparably lower than the theoretical quantities and
decreased remarkably with the reinforcement of fillers.
Table 4 displays that the sample without any filler content
has an actual density of 1137.77 kg/m? and 1269.73 kg/m*
for BE33 and SE polymers respectively, which is considered
as the reference point to interpret the decrement trend in den-
sities with the reinforcement of coir fiber or TiC nanoparti-
cles or both. The decrement in the actual density of 1092.41,
1085.41, 1002.76, 1083.44, 1052.61, and 871.16 kg/m* has
been recognized for the CBE33, ABE33, CABE33, CSE,
ASE, and CASE composites respectively. In both the com-
posite samples CABE33, and CASE showed higher void
fraction as 0.28 and 0.34, which is not acceptable to fab-
ricate a composite, though it is utilized in the investigation
to determine the effect of the addition of both coir fiber and
TiC nanoparticles on epoxy polymer composites. There is a
significant deviation between the theoretical and actual den-
sity of the epoxy composites, which is associated with the
void content, as shown in Table 4. The production of voids is
generally taken place because of the entrapment of air bub-
bles within the polymer matrix during the process of com-
posites manufacturing [59]. The fraction of void was calcu-
lated from Eq. (3) and sketched as a function of the type of
composites in Fig. 2a and b for bio epoxy Sr33 and synthetic
epoxy, respectively. The formulation can be indicated from
the polynomial equation with a suitable adjusted R squared
quantity of 0.9358 and 0.951 representing the acceptability
of the Egs. (5) and (6) with 93.6% and 95.1% efficiency for
bio and synthetic epoxy composites respectively.

Vg = 0.2493 +0.2206 x (FC)*'** )

Vise = 0.1842 + 0.2022 x (FC)**% ©6)

where V)3 is a fraction of void for bio epoxy Sr 33, and FC is
filler content in wt% (either coir fiber or TiC nanoparticles or
both). The positive power exponent of filler content signifies
that the fraction of voids increases with the addition of coir
fiber or TiC nanoparticles. The polynomial formulation can
be examined between void fraction and actual density, as
presented in Fig. 2¢c and d for bio epoxy Sr33 and synthetic
epoxy composites, respectively, where V; proportionally
reduced with incrementing the actual density because of
negative slope of the curve. The formulation can be showed
and derived in Egs. (7) and (8) for bio and synthetic epoxy
composites, respectively.

V, =0.022 +0.7693 X p,,.,>** @)

V; =2.012+0.6351 X p,.,>*! @®)

The polynomial Egs. (7) and (8) has an adjusted regres-
sion quantity of 0.999, which exhibits the polynomial for-
mulation with approximately 99.9% fit. Hence, it can be
observed that the addition of coir fiber or TiC nanoparticles
should significantly increment the void content of the epoxy
composites. The similar results has been observed from Pat-
tanaik et al. for the fly ash filled epoxy composites.

Contact angle

The chemical behavior of the epoxy composite surface is
established by the wetting principle, which is broadly inves-
tigated for practical utilization: for example, as self-cleaning
or protective materials [60, 61]. Wetting capacity assigns to
the water droplet degree dispersed on the composite surface,
and it simply observed from the water contact angle. Fig-
ure 3a-h displays the contact angle measurements for BE33,
CBE33, ABE33, CABE33, SE, CSE, ASE, and CASE com-
posites. The chemistry and phenomenon of surfaces con-
sidering the determined contact angle are shown in Fig. 3i.
The wetting capacity of the surface is higher if the contact
angle is lower, for instance, the surface energy at the epoxy
polymer composite interface, where the size of the water
droplet is higher, which can be denoted as hydrophilic. In
the same context, if the contact angle is more than 90° which
exhibit the hydrophobic behavior of the composites. Figure 4
shows the left and right side of the contact angle of bio and
synthetic epoxy composites reinforced with coir fiber or TiC
nanoparticles or both fillers. The pure bio epoxy Sr 33 and
synthetic epoxy polymer show the hydrophilic behavior with
73.66° and 81.4° of contact angle, respectively. The addition
of coir fibers or TiC nanoparticles within the bio epoxy Sr
33 reduces the contact angle up to 67.38°, which signifies
the increment in surface energy and hydrophilicity. Whereas
the reinforcement of both fillers in synthetic epoxy slightly
increments the contact angle till 82.5°. These outcomes
also signify that a decrement in hydrophilicity in synthetic
epoxy-based composites is observed when compared with
bio epoxy. It is considered that the addition of TiC nanopar-
ticles in the synthetic epoxy composites produced a com-
pressed composite sample, which offers reduced sticky load
when with the cohesive interior loads in the water droplets
by incrementing the contact angle [62]. The uniform disper-
sion of both coir fiber and TiC nanoparticles in the laminates
shows the reduction in hydrophilicity of the synthetic epoxy
composites when compared with bio epoxy samples. Simi-
lar outcomes has been observed by Kocijan et al. [61] and
Ali et al. [62] for TiO2 reinforced high-performance epoxy
composite coatings.
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Fig.3 Contact angle measurement displaying water droplets on the surface of epoxy composites a BE33, b CBE33, ¢ ABE33, d CABE33, e SE,
f CSE, g ASE, h CASE, and i the chemistry and phenomenon of surfaces considering the determined contact angle

Porosity

The porosity level was measured for every epoxy com-
posite samples, based on the formation of void during the

100 7
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Contact angle in deg.

BE33 CBE33 ABE33 CABE33 SE CSE ASE CASE

Fig.4 Contact angle measurement of coir fiber/TiC nanoparticles
reinforced epoxy composites
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mixing of fillers within the matrix, as per the recent litera-
ture Hamid et al. [63], the examination of porosity from
microscopic analysis which offers the best characteristics
around the thickness of the composites. Hence, the poros-
ity characterization was conducted by polarized optical
microscope from the thickness of samples, under the 200
x magnification using ImagelJ software. After the reinforce-
ment of coir fibers, the porosity of both the epoxy matrix
composites increased (Fig. 5), due to the higher hydrophilic-
ity as observed in contact angle measurements. While the
TiC nanoparticles reinforced composites showed a poros-
ity of 5.48% and 5.28% for ABE33 and ASE composites
respectively since the TiC nanoparticles preform exhibited
a higher impregnation degree [64, 65]. As observed, the coir
fiber/TiC nanoparticles reinforced hybrid composite offered
transitional porosity outcome with a quantity of 4.17% for
CABE33 and 2.05% for CASE composites. The TiC nano-
particles were responsible for the reduction of porosity level,
which is assigned with the uniform dispersion of fillers
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Fig.6 Tensile properties of coir fiber/TiC reinforced epoxy composites. a Stress—strain curve of Bio-epoxy 33 composites, b Stress—strain curve
of synthetic epoxy composites, ¢ Tensile strength and modulus, d elongation at break

within the matrix, especially for the CASE composite, which
is similar to the Monticelli et al. and Ornaghi et al. for glass
and carbon epoxy laminates [66, 67].

However, in the optimized condition, the porosity of
SAT epoxy hybrid nanocomposites have lower porosity

content (Fig. 6b)than the other two types, due to the
removal of hemicellulose and lignin content from chemi-
cal treatment. The improper impregnation of fibers and
agglomeration of Al-SiC nanoparticles were observed
in SRS and SST epoxy nanocomposites. From the
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confirmation experiment, both SST and SAT epoxy hybrid
nanocomposites also have lower water absorption capacity
(Fig. 6b) as compared with SRS, due to lower concen-
tration of hemicellulose, lignin, and stronger interfacial
bonding within the SNCF/A1-SiC nanoparticles/epoxy
matrix as observed from the FTIR and XRD analysis.
However, in the optimized condition, the porosity of SAT
epoxy hybrid nanocomposites have lower porosity content
(Fig. 6b than the other two types, due to the removal of
hemicellulose and lignin content from chemical treatment.
The improper impregnation of fibers and agglomeration
of Al-SiC nanoparticles were observed in SRS and SST
epoxy nanocomposites. From the confirmation experiment,
both SST and SAT epoxy hybrid nanocomposites also have
lower water absorption capacity (Fig. 6b) as compared
with SRS, due to lower concentration of hemicellulose,
lignin, and stronger interfacial bonding within the SNCF/
Al-SiC nanoparticles/epoxy matrix as observed from the
FTIR and XRD analysis.

Water Absorption

Water absorption characteristics of the bio-epoxy and
synthetic epoxy composites reinforced with coir fiber or
TiC nanoparticles were measured for every composition.
In Fig. 5, the water absorption quantity was observed to
improve with the addition of coir microfibers in the polymer
laminates. In this context, the polymer laminates CABE33
and CASE showed lower water absorption capacity. The

sample CBE33 and CSE composites tend to ingest more
moisture than other epoxy composite samples, which signi-
fied the increment in moisture absorption because of poor
adhesion between the matrix and fiber. However, the ABE33
and ASE composites had better adhesion, which had lower
moisture content to consume when compared with CBE33
and CSE composites and similar results was observed by
Ahad et al. [68].

Effect on Mechanical Properties
Tensile Properties

The stress—strain graphs of neat bio-epoxy, synthetic
epoxy, and their respective coir fiber or TiC nanoparticles
reinforced composites are shown in Fig. 7a and b. Both
the epoxy polymers, the stress—strain graphs under room
temperature exhibited non-linear sections. In general, the
tensile strength, and modulus of CBE33, ABE33, CSE,
and ASE were more significant than that of the respective
pure epoxy polymer (Fig. 7c), signifying that the addition
of coir fiber or TiC nanoparticles can enhance the tensile
characteristics of the epoxy polymer. The CBE33, ABE33,
CSE, and ASE improved the tensile strength by 10.66%,
12.7%, 46.24%, and 4.99%, respectively, compared with
their respective pure bio and synthetic epoxy polymers and
also found that the failure strain of the respective compos-
ites was enhanced [69]. Figure 7d exhibits the elongation
at break with the type of epoxy polymer composites. The

Fig. 7 Tensile fracture of coir fiber/TiC reinforced epoxy composites a BE33, b CBE33, ¢ ABE33, d CABE33, e SE, f CSE, g ASE, h CASE
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elongation at break attained a higher value of 5.41% for CSE
composite, which was 11.32% higher when compared with
pure synthetic epoxy (4.86%). The reinforcing principle of
CSE epoxy primarily associated the dissipation of energy
mechanisms. The formation of shear bond and plastic void
growth affected from coir fiber micro-particles or TiC nano-
particle and debonding was the primary method for the dis-
sipation of energy. Johnsen et al. Liang et al. and Zhang et al.
for nano-silica based epoxy nanocomposites also affirmed
the similar result of principle of energy dissipation [70-72].
However, the distinct from other investigations, the TiC
nanoparticles in the present work were bonded covalently
to polymeric epoxy networks, which improved the stronger
interfacial bonding. Therefore, the tensile strength of both
epoxy polymer was efficiently enhanced by incorporating
suitable reinforcement material, either coir or TiC nanopar-
ticles. Furthermore, the tensile properties of CABE33 and
CASE composites were observed to be decreased with the
addition of both coir fiber and TiC nanoparticles, which is
primarily assigned to the accumulation, reduced the rein-
forcing effect, and also weakened the crosslinking density of
polymeric epoxy networks [73]. Yao et al. [74] and Dittanet
and Pearson [75] also observed the similar outcomes for free
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grapheme/carbon nanotube/Fe304 epoxy and silica filled
epoxy composites respectively.

Tensile Fracture

The fracture microstructure of BE33, CBE33, ABE33,
CABE33, SE, CSE, ASE, and CASE epoxy composites are
shown in Fig. 8a—h respectively. The common consent is that
the fracture surface of both epoxy polymers has cleavage
structures, which is aligned with the generation of cracks,
shown in Fig. 8a and e [76]. The production of shear bands
was also examined on the fracture surface, signifying that
higher dissipation energy appeared during the propagation
of crack [77]. After the reinforcement of coir fibers in bio
and synthetic epoxy, it was examined that the fibers were
uniformly dispersed and bonded within the epoxy polymer
matrix in Fig. 8b and f, which improved the tensile proper-
ties of both composites. While comparing the Fig. 8c and g,
the fracture surface of bio epoxy and synthetic epoxy con-
sists of TiC nanoparticles were relatively rough surface, and
the production of the shear band also not noticeable. The
primary reason was the accumulation of particle size to form
larger sizes, which weakened the reinforcing impact of TiC
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Fig.8 Flexural properties of coir fiber/TiC reinforced epoxy composites. a Stress—strain curve of Bio-epoxy 33 composites, b Stress—strain

curve of synthetic epoxy composites, ¢ Flexural strength and modulus
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nanoparticles within the polymer matrix, which reduced the
tensile properties of the composites [69].

Nevertheless, the addition of both particles such as coir
fiber and TiC nanoparticles (Fig. 8d and h) leads to the
accumulation of particles, which shows the debonding at
the interface between the fillers and matrix. These are the
proof for wear and weak interfacial bonding, which generally
affect the bonding strength at the interface, and load transfer
at the interface also reduced, which decreases the tensile
properties of the epoxy composites. This rough surface in
these conditions does not permit the appropriate bonding
within the matrix and reinforced fillers when fabricating the
composites. Similar investigations have been observed by
Oladele et al. [78] Li et al. [73] and Kothmann et al. [77]
for modified palm kernel shell fiber/particulate cassava peel
hybrid epoxy, nano-SiO,/epoxy-functionalized polysiloxane,
and silica nano-particles respectively.

Flexural Properties

Figure 9a, b shows the stress—strain graphs of bio and syn-
thetic epoxy composite reinforced with coir fiber or TiC
nanoparticles or both. The stress here incremented linearly
with increased strain till the specimen fails. The incor-
poration of TiC nanoparticles also decreased the flexural
properties of the epoxy composites, which also followed
the trend of tensile strength and modulus. Figure 9c dis-
plays the flexural strength and modulus, which depending
on the type of reinforcement either coir fiber or TiC nano-
particles or both with the bio and synthetic epoxy matrix.
The addition of TiC nanoparticles in the coir/bio improved
the flexural strength and modulus from 115.05 to 124 MPa
and 3970.5 to 4813.2 MPa respectively, whereas coir/syn-
thetic epoxy enhanced the flexural strength and modulus up
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to 114.82 MPa and 6215.9 MPa respectively when com-
pared with their respective neat polymer. The highest flex-
ural strength of 170.48 MPa and 186.05 MPa is attained for
CBE33, and CSE composites, which is 27.26%, and 38.28%
is higher than the CABE33 and CASE composites respec-
tively. TiC nanoparticles enhance the mechanical bonding
within the coir fiber and epoxy polymer in the interphase
section, hence improving the flexural strength when com-
pared with neat polymers [35, 39]. By reinforcing TiC
nanoparticles in ABE33, the flexural strength reduced to
93.65 MPa, and the accumulation of nanoparticles in the
polymer matrix is the major reason for the decrement in
flexural properties [79] whereas the ASE increased up to
109.21 MPa, due to the uniform dispersion of nanoparticles
and stronger interfacial bonding within the polymeric matrix
[76]. Similar results has been observed by the Mohit and
Selvan [76] and Bulut et al. [79] for the Al-SiC/epoxy and
basalt/grapheme/epoxy nanocomposites respectively.

Impact Strength and Shore Hardness

Figure 6 presents the impact strength of the bio and syn-
thetic epoxy composites reinforced with coir fiber or TiC
nanoparticles. It was examined that the CBE33, CABE33,
CSE, and CASE have higher impact strength when com-
pared with their respective neat polymers, which may
improve the pull out load, due to the uniform dispersion
of fibers within the matrix [80]. The impact strength
mainly depends on fiber resistance during fracture, and
dispersion has more capability to absorb a high amount of
energy during the testing process [81]. From the results, it
is observed that the ABE33 and ASE have a lower impact
strength of 1.29 and 1.26 kJ/m?, respectively, due to the
agglomeration of nanoparticles, and weaker bonding
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within their respective polymer matrices. Similar results
of improvement in impact strength of the epoxy compos-
ites is observed in Mohit and Selvan [80], for sugarcane
nanocellulose fiber/aluminum silicon carbide reinforced
epoxy hybrid nanocomposites.

The calculated shore hardness D quantities of bio and
synthetic epoxy composites are shown in Fig. 6. The
hardness of both epoxy composites is improved with the
addition of coir fiber or TiC nanoparticles or both, due to
the fillers and matrix are cross-linked covalently, hence
producing a robust interfacial bonding within the matrix
and filler. As we observed that the TiC nanoparticles have
excellent mechanical characteristics, hence reinforcing

TiC nanoparticles can improve the mechanical character-
istics of the polymer composites, which is similar to the
Zheng et al. [82] and Papageorgiou et al. [83] for graph-
eme based epoxy composites.

Thermal Characteristics

Figures 10a, b and 11a, b show the TG and DTG curves,
respectively, of bio-epoxy and synthetic epoxy compos-
ites. In this condition, this mechanism did not obstruct
in determining a first stage loss (5%) of weight up to 190
°C, assigned to the evaporation of residual moisture con-
tent from the composites. In the second stage, the higher
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Table5 Thermal characteristics of coir fiber/TiC reinforced hybrid
epoxy composites

Transition Onset Endset Carbon

mass loss temperature  temperature  residue

in % in °C in °C in %
BE33 —89.26 335.63 384.78 6.57
CBE33 - 7213 338.02 396.9 10.14
ABE33 -75.8 338.24 397.71 13.81
CABE33 —79.65 334.51 402.71 14.82
SE — 88.43 334.04 403.67 7.32
CSE — 83.66 330.48 398.19 9.77
ASE —85.15 331.1 394.63 11.29
CASE =77 339.28 398.11 16.52
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weight loss has occurred between 200 and 500 °C is attrib-
uted to the degradation of constituents of materials, which
is known sequence, due to thermoset polymers have lower
resistance from higher temperature beyond 250 °C [53].
Table 5 shows the related thermogravimetric factors for the
graphs in Figs. 10 and 11. From the TG graphs, and Table 5,
the onset temperature for extreme deterioration, after the
evaporation of moisture content is around 330 °C and not
much influenced by the coir fiber or TiC nanoparticles or
both the content in the polymer matrices. Also, this would
correspond to the maximum thermal resistance of epoxy
polymers, and it is suggested that the maximum tempera-
ture working for these epoxy composites up to 260 °C when
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compared with Buriti fibers observed by Demosthenesa et al.
[53]. As observed in Table 5, the maximum degradation
appeared at 384.78 °C, which was affected by the dehydra-
tion process when compared with Levchik et al. [84] and
Grassie et al. [85]. The production of carbonaceous char
during the thermal deterioration under higher temperatures
could be oxidized in atmospheric air and limited char of
6.57 wt% and 7.32 wt% for neat bio epoxy Sr33 and syn-
thetic epoxy under 600 °C. With specimen CBE33 and CSE,
which was fabricated from the reinforcement of 10 wt% of
coir fiber, the deterioration ensued at a lower end set tem-
perature of 396.9 °C and 398.19 °C, which is comparably
higher than the BE33, and SE composites respectively. The
carboxylic acid created from the coir fiber could comprise
the hydroxyl group of epoxy polymer in air, which would
further produce a compact layer under a higher range of
temperature [80, 86]. Hence, the residue of char and thermal
stability improved until 10.14% for CBE33 and 9.77% for
CSE when compared with their respective neat polymers.
For specimen ABE33 and ASE composites, which consists
of 10 wt% of TiC nanoparticles, the corresponding end set
temperatures are 397.71 °C and 394.63 °C, because the TiC
nanofillers have the melting point of 3065 °C [48]. For the
bio-epoxy sample, the degradation temperature improved,
whereas, in synthetic epoxy, reduction is observed. Speci-
men CABE33 and CASE were fabricated with 5 wt% of coir
fiber and 5 wt% of TiC nanoparticles separately, where the
end set temperature of the composites increased to 402.71
°C and 398.11 °C respectively. As in the epoxy polymer, the
CABE233 and CASE also contain hydroxyl groups observed
in FTIR spectra, and it could also comprise the aromatic
functional groups of the epoxy polymer during the degrada-
tion process. It is recommended that the CABE33 composite
could agree with the epoxy hybrid composites to produce a
highly efficient protective layer, which is similar to Levchik
et al. [84] Grassie et al. [85] and Zheng et al. [82] carbon

Table 6 Resistance of Bio-epoxy 33 and synthetic epoxy composites
against the interaction of chemicals after soaking in 10 wt% of NaCl,
10 wt% of NaOH and 30 wt% of H,SO, solution under room tem-
perature with 65 +2% of relative humidity

10 wt% of NaCl 10 wt% of NaOH 30

wt% of
H,SO,
BE33 - - -
CBE33 + + +
ABE33 + + +
CABE33 " + "
SE - - -
CSE + + +
ASE + + +
CASE + + +

fiber epoxy, degradation of epoxy, and grapheme based
epoxy composites investigations.

Chemical Resistance Characteristics

The chemical resistance investigations were conducted by
soaking the fabricated epoxy samples in different types of
chemicals such as 10 wt% of NaCl, 10 wt% of NaOH, and
30 wt% of H,SO, solutions. After the soaking process, the
composite samples were observed for cracking, blistering,
or any other attack from the solvent. The outcomes of the
chemical resistance of the fabricated epoxy composites are
shown in Table 6, which establishes that all the fabricated
samples have excellent resistance from acids up to 15 days.
Furthermore, the blistering and cracking are observed in
BE33, CBE33, SE, and CSE samples soaked in the alkali
solutions. The unsaturated networks and residual hydroxyl
groups could tend to bad alkali resistance of the polymer
composites [87]. It is suggested that the alkali resistance can
be enhanced by reducing the hydroxyl content and reduc-
ing the cross-linking degree with the addition of both coir
fiber and TiC nanoparticles. Similar outcomes has been
observed by the Mohit and Selvan [80], and Bai et al. [87]
for sugarcane nanocellulose fiber/aluminum silicon carbide
epoxy and polyacrylate/SiO, urushiol formaldehyde polymer
respectively.

Conclusions

In the present investigation, the effect of coir fiber and TiC
nanoparticles on the physical, mechanical, and thermal char-
acteristics of bio and synthetic epoxy composites has been
explored. The addition of coir fiber and TiC nanoparticles
significantly enhanced the epoxy composite characteristics.
The outcomes of the investigation on the characteristics of
TiC nanoparticles reinforced coir fiberf/epoxy composites
have shown the following conclusions:

e CABE33, and CASE showed higher void fraction as 0.28
and 0.34, which is not acceptable to fabricate a compos-
ite, and the production of voids are taken place because
of the entrapment of air bubbles within the polymer
matrix during the manufacturing process.

e The addition of coir fibers or TiC nanoparticles within
the bio epoxy Sr 33 reduces the contact angle up to
67.38°, which signifies the increment in surface energy
and hydrophilicity. It is also observed that the addition
of coir fiber and TiC nanoparticles in the synthetic epoxy
composites produced a compressed composite sample,
which offers reduced sticky load when with the cohesive
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interior loads in the water droplets by incrementing the
contact angle.

e The addition of TiC nanoparticles and coir fiber was
responsible for lower porosity levels for CABE33 and
CASE as 4.17% and 2.05%, respectively, when compared
with CBE33 and CSE composites.

e The CBE33, ABE33, CSE, and ASE improved the tensile
strength by 10.66%, 12.7%, 46.24%, and 4.99%, respec-
tively, compared with their respective pure bio and syn-
thetic epoxy polymers.

e The highest flexural strength of 170.48 MPa and
186.05 MPa is attained for CBE33, and CSE composites,
which is 27.26%, and 38.28% is higher than the CABE33
and CASE composites respectively.

e The tensile and flexural properties of CABE33 and CASE
composites was observed to be decreased with the addi-
tion of both coir fiber and TiC nanoparticles, which is
primarily assigned to the accumulation as observed in
SEM analysis, reduced the reinforcing effect, and also
weakened the crosslinking density of polymeric epoxy
networks.

e It is found that the ABE33 and ASE have a lower impact
strength of 1.29 and 1.26 KJ/m?, respectively, due to the
agglomeration of nanoparticles, and weaker bonding
within their respective polymer matrices.

e The hardness of both the epoxy composites is improved
up to 85.16 with the addition of coir fiber or TiC nano-
particles or both, due to the fillers and the matrix are
cross-linked covalently, hence producing a robust inter-
facial bonding within the matrix and filler.

e The residue of char and thermal stability improved until
10.14% for CBE33 and 9.77% for CSE when compared
with their respective neat polymers.

e The blistering and cracking are observed in BE33,
CBE33, SE, and CSE samples soaked in the alkali
solutions due to the unsaturated networks and residual
hydroxyl groups, which tend to bad alkali resistance of
the polymer composites.

Further research investigations needs to be explore on
effect of synthetic fiber, number of layers, nature of bonding
with other type of polymer matrix. Besides, investigation
also need to be performed for electrical, and dielectric prop-
erties to develop the material for electromagnetic shielding
applications.
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