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Abstract
In this research, the effect of calcinated egg shell particles and pineapple fiber woven mat in epoxy resin composite and their 
mechanical, wear, thermal, and water absorption behavior was studied. The primary aim of this research was to investigate 
how the silane-treatment influences the surfaces of natural particles and pineapple fiber in epoxy composite during charac-
terization. The fiber and particle were silane surface treated using APTMS aminosilane before composite fabrication and 
the laminates were prepared by hand layup process. The results show improved mechanical properties with the addition 
of 40 vol. % of fiber and 2.0 vol. % of eggshell particle for composite designation RPE1, RPE2, and RPE3 by 65%, 44%, 
93%, and 8% correspondingly. Similarly, enhancement in wear resistances is observed for composite designation RPE3 by 
the addition of 2.0 vol. % of eggshell particles. TGA shows the increase in decomposition temperature by the inclusion of 
40 vol. % fiber and 2.0 vol. % eggshell particle for composite designation RPE3. On the other hand, the water absorption 
raises as increased particle addition maximum up to 0.23% as compared to pure epoxy. Such mechanically toughened, wear 
resistances, and thermally stable composites could be used in various industrial applications, automotive sectors, as well as 
aerospace and defence divisions.
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1 Introduction

The ever-increasing demand for eco-friendly materials to 
prevent environmental deterioration minimizes pollution 
and saves the planet. Green composite materials are those 
that are derived from natures’ most popular and abundant 
natural reinforcement materials [1]. Due to the fact that bio-
composites are more compatible, considerably cheaper, and 
cost-effective, many scientists are conducting research in 
this field. Finding new fiber and extracting new bio fillers are 
the current trends in the field of research [2]. The addition 

of natural fibers to polymers may improve their mechanical 
qualities, but reduce their resistance to impact damage and 
thermal stability. The qualities of composite reinforced with 
natural fibers are greatly impacted by fiber length, orien-
tation, texture, hydrophilic nature, and percentage of fiber 
weight [3]. Cotton, sisal, coir, jute, hemp, corn stalk, pine-
apple, flax, banana, and bamboo are common natural fiber 
plants used to manufacture natural fiber–reinforced polymer 
composites [4]. Feathers from chickens, discarded leather, 
naturally derived rubber scraps, and even human hair could 
be used to create polymer composites in modern organiza-
tions [5–7].

Karuppaiyaet al. [8] examined the thermal conductiv-
ity and thermal resistance analyses on various combina-
tions of banana, pineapple, and jute natural fiber compos-
ites. Banana, pineapple, and jute fibers were combined 
in various combinations of volume percentages and fab-
ricated by hand layup method. There were six sorts of 
combinations employed for this study. The associated 
thermal analyses, including thermal conductivity and 
thermal resistance, of six combination fiber composites 
were evaluated in determining the most effective thermal 
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insulators for insulation applications. Jayabalakrishnan 
et  al. [9] investigated the mechanical, dielectric, and 
hydrophobic properties of a coconut shell biochar-rein-
forced Caryota urens natural fiber epoxy composite. This 
study’s primary objective was to investigate the effect of 
combining biochar with Caryota urens fiber in an epoxy 
resin composite and its characteristics. Composites made 
with 5 vol. % biochar have the maximum tensile strength 
and modulus of 172 MPa and 6.7 GPa, respectively. Sim-
ilarly, the addition of 7 vol. % biochar to epoxy resin sig-
nificantly decreased wear volume. In addition, the com-
posite containing 7 vol. % biochar exhibited the highest 
dielectric constant, loss factor, thermal conductivity, and 
hydrophobic contact angle of 6.2, 1.6, and 0.33 W/mK, 
respectively.

Moreover, the incorporation of filler particles is the 
latest trend for enhancing the impact resistance, fatigue 
characteristics, wear resistances, and other mechanical 
properties of matrix composites [10]. These particles’ 
formulations may absorb the drastic  load of any form 
by employing its kinetic energy and block the impacting 
head. Thus, these materials could be utilized in automo-
tive and aerospace industries [11]. Numerous researchers 
have attempted to develop novel eco-friendly biofillers 
for enhancing the matrix phase's characteristics using 
domestic and waste materials. Examples include rise 
husk ash biosilica, biochar, several forms of chitosan, 
egg, sea urchin, cow manure, and sea shell, and many 
others [12]. Ãelik Yahya et al. [13] characterized and 
analyzed the composite properties of hazelnut, pistachio, 
and apricot kernel shell particles. In this research, hazel-
nut, pistachio, and apricot kernel shells were powdered 
to a particle size of 0–300 m (micron), 300–600 m, and 
600–850  m, respectively. It was determined how the 
chemical and structural qualities of the particles affected 
the mechanical, thermal, and physical properties of the 
composites. Introducing powder particles to the poly-
ester material decreased the matrix material’s tensile 
strength. Low concentrations of powder particles added 
to the matrix material had a favorable impact on bend-
ing and compressive strength. Manikandan et al. [14] 
studied mechanical and delamination examinations on 
siliconized chitosan and morinda-citrifolia natural fiber-
reinforced epoxy composite for drilling. In this investiga-
tion, the influence of siliconized chitosan biopolymeric 
particles and morinda fiber in an epoxy composite, as 
well as their mechanical and machining properties, were 
investigated. The primary objective of this work was to 
determine how the silane-treatment affects the surfaces 
of natural biopolymeric particle and fibers in epoxy 
composite, as well as to examine their mechanical and 
machining properties. The tensile, flexural, and impact 
findings of the silane-treated chitosan and morinda 

natural fiber-reinforced epoxy composite were 148 MPa, 
163Mpa, and 6.9 J, respectively. The highest value for 
the inter-laminar shear strength of morinda fiber treated 
with silane was 28 MPa. Similarly, surface-treated rein-
forcements demonstrated the best adhesion with matrix 
without delamination throughout the drilling process.

In this investigation, egg shell powder is employed as 
a filler with epoxy matrix. The reasons for this egg shell 
waste increase include ammonia  (NH3) and hydrogen sul-
phide  (H2S) released during their decomposition, which 
can be environmentally hazardous, and the salmonella 
bacteria created which can be dangerous to humans [15]. 
One way to repurpose eggshells is to utilize them as filler 
in polymers. Because it would be easily available, inex-
pensive, and can be decomposed in the soil when the life 
over. The large quantities of  CaCO3 that can be extracted 
from egg shells are one of the best routes to develop large 
quantity of bio calcium carbonate and oxide. However, 
when  CaCO3 filler particles are introduced into poly-
mers, clustering has been identified as a drawback by a 
number of investigations [16]. Generally, silane surface 
treatment with silane coupling agents might be selected 
based on the desired functional group and matrix type. 
Amino silanes are preferable when thermosetting pol-
ymers are practiced as a matrix. Since amino silanes 
include an NH2 functional group, they can react with 
unsaturated OH molecules in the matrix, hence enhanc-
ing the adhesion between both the matrix and filler [17].

However, the combination of pineapple fiber and egg 
shell powdered particles formulation also not yet inves-
tigated by any researchers. Hence the present study aims 
to investigate the mechanical, wear properties, and hydro-
phobicity of surface-modified pineapple fiber-reinforced 
in egg shell powdered particulate toughened epoxybio 
composites. The laminates for this study were produced 
by hand layup process and characterized according to 
respective ASTM standards. Such biocomposites could 
use in automotive sector, industrial application, and in 
home furniture.

2  Experimentations

2.1  Materials

In this current project, the hybrid composites are made up of 
quick set Araldite epoxy resin LY556purchased from Sigma 
Aldrich, USA. Pineapple fiber woven mat were used in this 
study as well as egg shell particles obtained from Metro 
Composites Research and Development Centre, Chennai, 
India. The surface modifier 3-Aminopropyletriethoxysilane 
(APTES) was purchased from Sigma Aldrich, USA. The 
specification of given materials is represented in Fig. 1.
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2.2  Calcination process

The fine CaO ceramic particles from egg shell were pre-
pared by the following steps as shown in Fig. 2. Initially, 
washed egg shells were obtained and undesirable substances 
were cleaned. These egg shells were sun-dried for 48 h to 
eliminate moisture. The dried shells were crushed into a fine 
powder and re-dried in the sunlight for 48 h to eliminate 
excess moisture before being ready for the ball mill [18]. 
Significant results can be obtained by ball milling the bio-
waste of egg shells for up to 16 h. The ball milling procedure 
was performed in a planetary ball mill with a feeding capac-
ity of 10 g (RETSCH PM 100, Germany). In this method, 
tungsten carbide balls were employed and the ball-to-powder 
ratio kept fixed at 10.5:1. The average ball weight is 7.6 g, 
and the total amount of balls used was 53 g. The diameter 
of each ball is 10 mm. The milling speed keeps constant at 
300 rpm during the entire procedure [19]. Utilizing a par-
ticle size analyzer, the average crystalline size for various 
milling times was determined (HORIBA, SZ 100, Japan). 

After particles were formed from egg shells, they are fur-
ther calcinated. The calcination procedure was carried out 
in a box furnace at 700 °C and 2 h of soaking time in an air 
atmosphere. After the soaking period, these particles were 
uniformly cooled in the heating chamber.

2.3  Silane treatment

To increase fiber adherence and particle dispersion in the 
matrix material, egg shell particles were surface-modified 
using an immersion aqueous solution technique on the 
pineapple woven fiber mat. Egg shell powder particles 
readily absorbed moisture and combined with matrix. In 
this procedure, both fibers and particle reinforcements are 
completely immersed in an aqueous solution with a 95 wt. 
% concentration. Typically, 5 wt. % of water was added 
to ethanol to form a diluted aqueous solution for silane 
functionalization. To alter the pH value between 4.5 and 
5.5, the amount of acetic acid needed became combined 
gradually and completely. The 2 wt. % silane was then 

Fig. 1  Specification of materials 
used

Fig. 2  Calcination process for egg shells
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combined drop by drop with diluted aqueous solution to 
obtain homogeneity. The fibers and particles were briefly 
soaked in the silane solution for approximately 10 min 
before being separated and dried at 110 °C in an oven 
[20].

2.4  Composite fabrication

The pineapple fiber woven mat and egg shell particle 
toughened  epoxy composite was produced in the as 
given.  In a glass beaker a specified amount of epoxy 
resin, with 5, 1.0, and 2.0 volume percent of egg shell 
particles were dispersed and constantly swirled until the 
entire mixture was homogenous. The resulting colloidal 
suspension was subsequently blended with TETA curing 
agent. The curing agent was combined at a ratio of 1:10 
and stirred constantly until degassing was finished. The 
completed mixture was then transferred into the silicon 
rubber mould coated with wax. Then, 40 volume per-
cent of pineapple fiber weaved mats were placed one 
by one. Four fiber mats were utilized to create the final 
composite material. The composites were cured at room 
temperature for 24 h and post cured  in a hot oven at 
120 °C for an additional 12 h [21]. The designation and 
composition of composites developed for this research 
are presented in Table 1.

3  Characterizations

The post-cured composites are sliced further for testing 
purposes. These specimens were cut to exact dimensions 
using an abrasive water jet machine (maxiem water jets, 
1515, KENT). The composites were machined to the accu-
racy specified by ASTM standards. The specification during 
this cutting operation followed as per the references [22]. 
Table 2 illustrates the different tests and ASTM standards 
used for it.

4  Results and discussions

4.1  Mechanical properties

Figure 3 shows the mechanical properties of various composite 
designations. In Fig. 3a, the tensile properties and flexural prop-
erties are represented in which it shows composite designation 
R gives the very less values due to the pure epoxy [23]. The 
tensile and flexural strength observed up to the minimum value 
is about 62 MPa and 108 MPa respectively. Further addition of 
pineapple fiber woven mats by 40 vol. for composite designation 
RP. This improvement is due to the silane treatment on pineap-
ple fiber woven mats which improves the bonding of between 
matrix and reinforcements due to the  NH2 functional group 
chemically reacts with free OH group of epoxy resin [24] as 
illustrated Fig. 4a. Tensile strength rises gradually with the addi-
tion of CaO by 0.5, 1.0, and 2.0 vol. % up to 148 MPa, 169 MPa, 
and 182 MPa. Such increment in values is due to the silane treat-
ment on particles which evenly distributes it thought the matrix 
and reduces the voids [25] as shown Fig. 4c. Another reason 
behind to improve tensile strength is silane treated particles 
improves the bonding mechanism. However, flexural strength 
of composite designation RPE3 decreases by addition of 2.0 vol. 
% of CaO. This because of the brittle nature of CaO molecules 
which weakens the bonding [26] as represents Fig. 4b.

Table 1  Composite designations for various compositions of materi-
als

Composite  
designation

Epoxy
vol. %

Fiber
vol. %

Particles
vol. %

R 100 - -
RP 60 40 -
RPE1 59.5 40 0.5
RPE2 59 40 1.0
RPE3 58 40 2.0

Table 2  ASTM standards for 
various tests

Tests ASTM Machines

Tensile D-3039 INSTRON 4855, UK
Traverse speed of 1.1 mm/sFlexural D-790–17

Impact D256–10 Krystal equipment Ltd., India
Maximum load capacity of 20 J

Hardness D 2240 Durometer (shore-D)
Wear properties G 99–17 Ducom instruments Pvt. Ltd., India

Pin-on-disc setup
TGA ASTM E1131-20: West 

Conshohocken, PA, USA, 2020
(NETZSCH STA Jupitar 409 PL 

Luxx, Germany)
Water absorption D 570 -
SEM - HITACHI, S-1500, JAPAN
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Similarly, Fig. 3b shows the results of Izod impact test 
and hardness test in which composite designation R rep-
resents the lowest values about 0.42 J and 86 shore D. 
This composite is consisting of pure epoxy which is brit-
tle in nature. Further, inclusion of pineapple fiber with 40 
vol. % in pure epoxy sudden improvement in Izod impact 
values and hardness values is observed. The addition of 
reinforcements improves load bearing capacity of the com-
posite and due to the silane treatment fibers were adheres 
strongly with epoxy molecules [27]. Moreover, introduc-
tion of CaO particles again gradually improves the Izod 
impact results and hardness results with 0.5, 1.0 and 2.0 

vol. % for composite designation RPE1, RPE2, and RPE3 
respectively. The reason behind this enhancement is silane 
coupling agent which improves the bonding between rein-
forcing material and matrix material. Due to silane treat-
ment particles were evenly spread thought the matrix and 
hinders the impact load [28].

4.2  Wear properties

Figure 5 illustrates the wear properties for various com-
posite designations. Composite designation R shows the 
highest coefficient of friction and specific wear rate about 

Fig. 3  Mechanical properties 
for various composite designa-
tion

Fig. 4  Fractography of mechan-
ical testing samples
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0.71 and 0.018  mm3/Nm respectively. As pure epoxy is 
brittle in nature it shows poor in wear resistance thus 
larger wear rate is observed [29] as observed in Fig. 6a. 
Addition of silane treated pineapple fiber woven mats by 
40 vol. % increase in wear resistances is observed for com-
posite designation RP. The COF shows about 0.63 and 
Sp. wear rate up to 0.014mm3/Nm. Due to the fiber inclu-
sion wear rate lowers because fiber will not easily wear 

on wear disc and strongly bonded with epoxy molecules 
by silane treatment [30] as represented Fig. 6b. Moreover, 
egg shell particle inclusion decreases Sp. wear rate and 
COF maximum up to 0.006  mm3/Nm and 0.44 for with 2.0 
vol. % of CaO. This improvement is because of the tight 
bonding by addition of silane treated CaO which reduces 
the voids. Due to this lesser surface area comes in contact 
with wear disc and reduces the friction and sp. wear rate 
[31] as shown in Fig. 6c.

4.3  TGA analysis

Figure 7 represents the TGA thermogram of various composite 
designations. The pure epoxy shows decomposition at very less 
temperature and very low thermal stability for composite desig-
nation R. However, addition of pineapple fiber woven mats by 
40 vol. % improves the decomposition temperature of composite 
designation RP. This enhancement is due to the silane treated 
fiber strongly bonded with epoxy molecules and hinders the 
rotation of secondary molecules [32]. Furthermore, inclusion 
of egg shell particles by 0.5, 1.0 and 2.0 vol. % improves glass 
transition temperature for RPE1, RPE2, and RPE3 composite 
designations. When compared to the other 2 embodiments, the 
addition of nano-silica to the composites has a high specific heat 
capacity [33]. Therefore, a significant amount of thermal energy 
is needed to activate the secondary molecules in the primary 
chain of epoxy.

Fig. 5  Wear properties for various composite designations

Fig. 6  SEM images for wear 
test specimens
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4.4  Water absorption

Figure 8 illustrates the water up take rate for each com-
posite designation. Composite designation R shows very 
less water absorption due the hydrophobic nature of epoxy 
molecules. However, composite designation RP shows 
raised in water absorption by 0.08% after immersion. The 
natural fibers are always hydrophilic in nature and attract 
the water molecules but silane treatment work as barrier 
to absorb water molecules by fiber. Due to this, its water 
absorption is near to composite designation R. Moreover, 
when egg shell particles addition improves the further 
water absorption as CaO molecules easily absorbs mois-
ture and converts into  CaCO3 [34]. Hence, as increment 
in CaO particle from 0.5, 1.0 to 2.0 vol. % for composite 

designations RPE1, RPE2, and RPE3 the water intake is 
slightly increased. However, the silane treatment on egg 
shell particle restricts large water absorption, which scored 
lesser water absorption for composite designation RPE1, 
RPE2, and RPE3 as 0.14%, 0.19%, and 0.23%.

5  Conclusions

The pineapple fibers woven mats reinforced and calci-
nated egg shell particles toughened epoxy composites were 
characterized and studied to find mechanical, wear prop-
erties, TGA, and water absorption properties. The pine-
apple fiber and egg shell particles were surface treated by 
amino silane coupling agent. Laminates for this investiga-
tion were fabricated by hand layup process and character-
ized according respective ASTM standards. The outcome 
of the study reveals some significant results and the same 
are summarized.

(1) The mechanical properties like tensile, flexural, Izod 
impact, and hardness properties show improved in 
results by addition of silane treated 40 vol. % of pine-
apple fiber woven mats maximum up to the 62 MPa, 
108 MPa, 0.42 J, and 86 shore- D respectively for com-
posite designation RP.

(2) Further inclusion of silane treated calcinated poultry 
egg shell particles by 0.5, 1.0, and 2.0 vol. % improves 
the tensile strength, flexural strength, Izod impact, and 
hardness properties for composite designation RPE1, 
RPE2, and RPE3 by 65%, 44%, 93%, and 8% corre-
spondingly.

(3) Wear properties also show the minimum COF up to 
0.44 and sp. wear rate about 0.006  mm3/Nm for com-
posite designation RPE3 by addition of silane treated 
40 vol. % of pineapple fiber woven mats and 2.0 vol. % 
of egg shell particles.

(4) TGA shows the fiber addition by 40 vol. % increases the 
decomposition temperature for composite designation 
RP as well as egg shell by 0.5, 1.0, and 2.0 vol. % parti-
cles further improves the helps to increases the thermal 
stability for composite designation RPE1, RPE2, and 
RPE3.

(5) However, water up take for this all composite designa-
tion increases gradually. For RP composite designation, 
it shows around 0.08% and for composite designation, 
RPE1, RPE2, and RPE3 about to 0.14%, 0.19%, and 
0.23% respectively.

(6) These properties improved waste poultry egg shell par-
ticles and edible biomass pineapple leaf fiber epoxy 
composites could be used in automotive body parts 
development, defense component fabrication, domestic 
appliances machining, and packaging applications.

Fig. 7  TGA thermogram for various composite designations

Fig. 8  Water absorption of various composite designation
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