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Abstract
The aim of the present study is to develop eco-friendly, low cost and light weight plastic based composite material using
eggshells (bio-waste) ash as filler material. The study describes the development of carbonized eggshells loaded hybrid
glass-jute fibre reinforced (GJFR) polyester bio-composites and reports the effect of fillers loading on its wear behaviour
and mechanical properties. Carbonized eggshell ash powder as a filler, glass and jute fibre rovings as hybridized fibre and
unsaturated polyester resin as a matrix material were used for the development of novel FRP composites using the pultrusion
process. Eggshells ash powder was used in different weight (wt) % as 3.5 wt%, 6.5 wt%, 9.5 wt%, 12.5 wt%, and 15.5 wt%.
A pin-on-disc tribometer was employed to analyse the wear behaviour. Two variable load conditions as 30 N and 50 N were
selected to wear test runs while sliding speed, sliding distance, and track diameter as 3 m/s, 1500 m, and 60 mm respectively
were kept constant. The developed hybrid composites with 9.5 wt% and 3.5 wt% carbonized eggshells filler involvement
showed maximum and minimum tensile strength as 75 MPa and 62 MPa respectively. The composites with 12.5 wt% and
3.5 wt% eggshells fillers showed maximum and minimum compressive strength as 99 MPa and 49 MPa respectively. The
maximum wear resistance was exhibited by composites with 9.5 wt% filler loading and at 50 N applied load conditions.
The carbonized eggshell fillers inclusion in a limited amount was recommended to strengthen the wear resistance of the
GJFR polyester composites in combination with tensile and compressive strengths. A scanning electron microscope study
was conducted to notice the wearing procedure and tensile and compressive fracture of the GJFRP composites.
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1 Introduction

Composite materials with biodegradable material reinforce-
ment either in the form of fibre or filler, are providing a
suitable alternative to the development of hybrid composites.
Hybridization of fibres and fillers is the need of the hour to
develop new advancedmaterials whichmay become the suit-
able alternative of traditional materials. In this connection,
the use of various filler particles is increasing frequently in
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the polymer industry. Economic and environmental appre-
hensions increased the use of organic fillers. The organic
fillers can be easily obtained fromagriculturalwaste resulting
in a reduction in the overall cost of the material being devel-
oped [1]. In the present study, carbonized eggshells filler was
used.There is approximately 95%amount of calciumcarbon-
ate and a 5% amount of various organic materials present
in the eggshells material. This 5% contribution of biotic
materials contain sulfated polysaccharides, some type x col-
lagen in combination with some distinct category proteins,
which make eggshells a hazardous bio-waste material [2].
The eggshell has an 11% weightage of the total weight of an
egg. The lamellar, the spongeous, and the cuticle are the three
layers that constitute an eggshell. The cuticle layer made up
of a number of proteins and exhibits the outermost surface
[3]. Carbonized Eggshells are being included as an advan-
tageous and economic filler material in the development
and enhancement of various properties of FRP composites.
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While checking the wear behaviour, the highest wear resis-
tance was displayed by 4 wt% amount of unboiled eggshells
filler loaded epoxy-based polymer composites in dry sliding
condition [4]. Different types of fibres and fillersmay be rein-
forced into the matrix material of polymer-based composites
to meet the various structural applications [5]. Patnaik et al.
[6] used various fillers like particles of silicon carbide, fly-
ash particles and aluminum oxide particles in glass-polyester
composites and observed that tensile strength was adversely
impacted. The result indicated that the content of fillers and
its type has a vital role in the properties transform of polymer
composites. Advantageous characteristics like the light in
weight, biodegradable in nature, high strength to weight ratio
etc. can be obtained in composites developed with the rein-
forcement of natural fibres. [7, 8]. Due to the lower friction
and self-lubricating properties, FRP composites are widely
employed in tribological components [9, 10]. While devel-
oping polymeric composites, the different types of resins are
used as amatrixmaterial and the curing temperature of resins
affect the quality of produced parts using different manufac-
turing processes [11].

Ahmed et al. [12] discussed that due to the changed
sliding velocity and increased load, the ceramic material
loaded jute-epoxy based fibre reinforced composites showed
improvement in wear resistance offered by the material and
in its coefficient of friction value significantly. Jain et al.
[13] concluded that GFRP composites showed improvement
in characteristics of friction and wear resistance with the
improvement of MWCNT doping concentration. Increased
sliding speed effectively decreased the force of friction under
the dry condition. Suresha et al. [14] concluded that the coef-
ficient of friction value of carbon-glass fabric loaded vinyl
ester composite materials was increasing with the increased
values of applied load and velocity of the slide. Vinyl ester-
based polymer composites have a minimum coefficient of
friction values when reinforced with the fabric of carbon.
Andrich et al. [15] observed that there was a decrement in
the rate of wear of textile reinforced polymer composites
when carbon-coated metal was applied. Mohan et al. [16]
found that erosion resistance of glass–epoxy based com-
posites was observed very high with the reinforcement of
WC particles. In the present work, the GJFRP bio-composite
materials were developed using a very simple and economic
pultrusion process. Gupta et al. [17] used the pultrusion pro-
cess for the development of FRP materials and observed it
a time saving, very easy to perform and economic manufac-
turing process for the development of such materials with
improved overall properties. While explaining various com-
posite development techniques, Fleischer et al. [18] found the
pultrusion process a very cost-effective and self-mechanized
process to produce parts of different geometries inwhichwet-
ted fibres in resin are pulled out in a single direction. Fidan
et al. [19] clarified that the developed composite materials

will be with improved mechanical properties if interfacial
bonding between reinforcing material and matrix is very
high. Anbusagar et al. [20] found in their study that reinforce-
ment of small amounts of nanofillers like nano clay, CaCO3,
CNTs etc. in composites and blends will provide a great
improvement in mechanical and thermal properties. Using
the ‘Interactive Design’ approach, the most reliable, cost-
effective and user friendly products can be developed. Inter-
active design provides powerful ways for synergistic design
activities, ensures new inventions by enhancing virtual pro-
totype developments and by increasing the user-integration
in the design process of products [21, 22]. The developed
hybrid FRP composites in the current study were produced
by using pultrusion set-up, which was developed following
the interactive design approach.

Agrawal et al. [23] performed the tribological behaviour
study of FRP composites and concluded that an increase
in surface temperature produced thermal softening in FRP
composites. This produced thermal softening is a respon-
sible factor for an increase in wear, where an increase in
normal load is surface temperature raising factor. They also
found very high wear and the highest coefficient of friction
in the inert gas environment. It happened due to increased
separation of reinforced fibre material from the matrix in
this environment as compare to dry sliding and oil-lubricated
environment. Singh and Singh [24] explained that the spe-
cific wear rate was increased by the increased torque values.
It happened because high load conditions raised the sur-
face temperature of gears and this collected heat worked as
a gear material softening factor. Raj et al. [25] explained
that in Mg/Mica based metal matrix composites the only
percentage of reinforcement and sliding distance was the
main wear rate commanding factors but the same was not
true in case of fibre reinforced polymer composites. A.
Madhanagopal and S. Gopalakannan [26] concluded that
epoxy composites, when loaded with boron carbide filler,
became more wear-resistant and with improved mechani-
cal strength. Fillers have better binding strength and hence
they improve wear-resistant properties of the materials. Lin
and Schlarb [27] explained that nanoparticles filled tribo-
composites showed improved wear and friction performance
characteristics when there were moderate and severe load
applications and absence of graphite filler particles. Selmy
et al. [28] concluded that hybrid fibres reinforcement reduced
theweight loss of epoxy-based hybrid composites under both
wet and dry specimen wear testing conditions. They con-
firmed their study by mixing polyamide fibre with glass fibre
and hence making a hybrid fibre for reinforcement. It was
also observed that when there were increased sliding time
and load application, composites showed a decrease in wear
resistance property. Sharma et al. [29] compared the wear
and friction behaviour under dry and lubricated medium and
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resulted with a minimum coefficient of friction value in con-
junction with a minimum rate of wear within the lubricated
environment and observed maximum in the dry medium.

Kumar and Raja [30] observed that treated composite
specimens showed better mechanical properties like tensile
strength, flexural strength and impact strength. S. Sathees
Kumar [31] concluded that loading of natural fibres like
sorghum bicolor, sisal and jute fibres in the polyester based
composites gave increased trends in the mechanical prop-
erties of the composites. Kumar et al. [32] observed that
loading of natural fibres/fillers in natural fibres composites
showed better interlinking between the fibres and matrix
material which provides effective resistance capability. Raja
and Kumar [33] concluded that alkali treated banana fibres,
coir fibres and palm fibres provided improved thermal and
mechanical properties and decreased the surface roughness
of polyester based composites. The hybrid natural fibres/
epoxy matrix composites showed considerable ductile and
flexural properties. Hardness and impact strength was also
improved due to equal expansion of natural fibres as observed
by Raja et al. [34].

The present work was carried out to observe the effect of
carbonized eggshells particle inclusion in combination with
natural and synthetic fibre hybridization on wear behaviour
and different mechanical properties of the developed bio-
composite materials. The maximum use of biodegradable
natural (jute) fibres hybridizing with synthetic (glass) fibres,
bio-waste eggshells ash as filler material in varying weight
percentages, pultrusion as amanufacturing process, wear and
mechanical behaviour testing etc. were some salient features
which shows the novelty of the current work. The potential
applications of such developed materials can be in the man-
ufacture of automobile body parts, light poles, FRP purlin,
FRP handrail, FRP walkways etc.

2 2. Details of the experimental assignment

2.1 Material

• Filler preparation: In the current work, loaded eggshells
ash filler is a hazardous bio-wastematerial. Eggshells were
converted to ash (carbonized) form. These eggshells were
collected from boiled egg sellers and tea sellers in Ghazi-
abad, Uttar Pradesh (India) area. Eggshells were cleaned
with water, as shown in Fig. 1, and dried in the sun as
removal of the membrane was necessary before proceed-
ing for its conversion into carbonized form.The large-sized
eggshells were ground to small particle sizes and finally
converted into ash form using muffle furnace at 750 °C to
950 °C. The eggshell ash was converted into powder form
using a ball mill and sieves were used to get a uniform
particle size of 150 microns. Finally, this prepared powder

Fig. 1 Eggshells after water cleaning

form of eggshell was used as a filler. The SEM image of
carbonized eggshells particles is shown in Fig. 2 below:

• Matrixmaterial:Unsaturated polyester resinmanufactured
by Naptha Resins and Chemicals Pvt. Limited, Bengaluru,
Indiawas considered as a suitablematrixmaterial and used
in the development runs of bio-composites.

• Hybrid Fibres: Glass and jute fibre roving in untreated
formwere hybridized and used in the fixed amount in each
development run of composites as shown in Table 1. Fibre
volume fraction was calculated separately and also as per
the pilot experiments [35, 36].

2.2 Compound formation

Eggshell ash powder of 150-micron particle size was used in
different experiments in varyingweight percentages as 3.5%,
6.5%, 9.5%, 12.5% and 15.5% of the weight of resin used in
each experiment. Unsaturated polyester resin and combina-
tion of glass-jute fibre were used to develop hybrid GJFRP
composites using indigenously developed pultrusion set-up
as displayed in Fig. 3(a) and (b). Parameters shown in Table
1 were used to develop these composites. The length of glass
fibre and jute fibre was taken as 1400 mm. The resin was
properly mixed with filler as per the experimental plan using
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Fig. 2 SEM image of Eggshell powder

Table 1 Fixed parameters for material development runs

Fixed variables for each development run:

The temperature inside the Die 180 °C

Controlled Pultrusion speed 60 mm min−1

Hybrid fibre 225 g of Jute fibre and 75 g of
glass fibre roving

Polyester resin 2.5 times hybrid fibre weight
i.e. 750 g

Cobalt naphthelate as accelerator 0.5% of resin weight i.e. 3.75 g

MEKP catalyst (Methyl ethyl
ketone peroxide)

Resin weight’s 1% amount i.e.
7.5 g

a hand blender and then glass and jute bundles were collec-
tively wetted in the resin. These wetted bundles were finally
pulled by the pulling assembly in the pultrusion set-up against
the hot die at 180 °C and at fixed 60mmmin−1 speed. Cobalt
naphthenate andMEKP in 0.5% and 1% of resin weight were
used respectively as the catalyst. Curing is done throughout
the cross-section keeping the hot die temperature constant as
180 degree celsius in all the test runs. Hence hybrid GJFRP
bio-composites of 1200 mm length were developed.

The various parts of the pultrusion set up are as follows:

• HotDie:Adiemade of good quality stainless steelmaterial
was used for heating purposes. The electric heater was

used to heat the die. To achieve the temperature range on
the inner side of the cylindrical die as per the experimental
plan, a thermocouple was fixed at the parting line of the die
and a temperature controller, as shown in Fig. 3a,was used.
As the temperature inside the die was a selected constant
parameter, so it was attained and controlled before the start
of the pultrusion process.

• Pre-former: This is a cold die used to provide initial shape
to wetted fibres and to draw out extra resin from the wetted
fibres.

• Pullers-set and other assembly parts: Three sets of pullers
were used to perform the pulling function. These rollers
are attached with a 1:60 speed ratio gearbox and one HP
capacity 3-phase AC motor. The speed of the motor was
controlled with the help of a frequency drive.

2.3 Test specimen preparation and procedure
for wear tests

The wear study samples were prepared from the devel-
oped eggshells filler loaded polyester bio-composites for
dry sliding wear behaviour. The experimental study was
performed following the ASTM G-99 standard [37]. The
used pin type sample of 12 mm diameter are shown in
Fig. 4a. A pin-on-disc type Ducom, Banglore (India) devel-
oped material characterization system (High-Temperature
Rotary Tribometer TR-20L-PHM800-DHM850) was used
for the experimental study as shown in Fig. 4b. Hardened
disc of measured surface roughness (Ra � 0.7µm) andmade
of EN-31 steel material with 61 HRC hardness was used as
a counter-face. Acetone wetted paper was used to clean the
disc and test specimens before proceeding for the test in order
to get proper contact between the wear test sample and the
hardened disc. The disc was fitted properly on the machine
in the provided slot as displayed in Fig. 4c. Wear test speci-
mens were fitted in pin-holder and fixed properly during each
run of experiments. The track diameter was kept constant as
60 mm. All other necessary parameters like sliding speed as
3 m/s, total sliding distance as 1500 m, and time duration of
the slide as 8.33 min were entered in the machine software.
The test-runs were performed at the room-temperature con-
dition. After fixing the test sample in the pin-holder, a load
of 30 Nwas applied. Similarly, all the samples with 3.5 wt%,
6.5 wt%, 9.5 wt%, 12.5 wt%, and 15.5 wt% of filler were
tested at 30 N and 50 N load application separately. All the
wear affecting variables as sliding media (dry), sliding dis-
tance, the time duration of sliding and sliding speed were
kept constant in all the test runs.
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Fig. 3 a Pultrusion set- up the first-half portion: (1) Temperature Con-
troller (2) Frequency Drive (3) Set of pulling rollers (4) Speed reducer
gearbox (5) Puller steel strip (6) Developed FRP composite (7) Three-
phase A.C. motor (8) H-shaped Iron section.b Pultrusion set- up second

half portion: (9) Hot die (10) Resin bathtub (11)Wetted fibres with resin
(12) Pre-former (13) Developed GJFRP composite (14) Puller strip

3 Result and discussions

3.1 Wear

Wear test data was collected from the pin-on-disc wear test
machine software and the average of all the results were
selected for final result discussions. The outcome of indi-
vidual weight percentage loading of eggshells filler particles

on the dry sliding wear behaviour of developed hybrid GJFR
polyester bio-composites taking into account the outcome of
all other operating parameters as sliding speed, sliding dura-
tion (time), applied load, medium/surrounding and sliding
distance, etc. As observed from Fig. 5, wear results conclude
that a high amount of wear loss was observed in specimens
which have a minimum amount (3.5 wt%) of eggshell filler
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Fig. 4 a Wear Test specimens.
b Wear Test Set-Up (By
DUCOM, India). c Wear test
specimen position during dry
sliding, showing material
deposition on the disc

inclusion and minimum wear loss was observed in devel-
opedGJFR polyester composites with 9.5 wt% eggshell filler
inclusion. These conditions of maximum andminimumwear
loss occurred at maximum load i.e. 50 N application con-
dition. In the test specimen with 9.5 wt% filler loading,
although increased load reduced the binding strength of the

material [26] and wear loss must have increased but the plas-
ticity of matrix increased due to the generated frictional heat.
As a result, the amount of debonded filler particles from the
matrix increased.Debonded eggshells filler particles behaved
like a solid lubricant and formed a layer on the disc in combi-
nation with matrix material as displayed in Fig. 4c. Increased
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Fig. 5 Wear loss V/s wt% of
eggshell filler

lubricity reduced the wear loss. But the addition of eggshells
filler amount (9.5 wt% to 15.5 wt%) increased the cluster-
ing of filler particles. High wt% of filler loading not only
increased clustering but also increased filler-filler bonding in
spite of filler-fibre bonding resulting in to increase in filler
detachment from the matrix. The clustered eggshells filler
particles separated from the matrix material during dry slid-
ing forming large wear debris. This condition increased the
wear loss, which is also in agreement with Akbarpour et al.
[38]. But at a low amount of filler loading (3.5wt%) observed
wear loss was more at high load (50 N) condition. The heat-
ing effect due to increased load produced thermal softening
and thinning of the matrix material layer resulting in more
wear loss [39].

The results of the coefficient of friction are represented in
Fig. 6. COF value was found maximum as 0.79 in GJFRP
composites with 15.5 wt% eggshells filler inclusion andmin-
imum as 0.25 in composite with 3.5 wt% filler loading. Both
maximum and minimum values of COF were obtained at
30 N applied load conditions. Friction force results can be
observed from Fig. 7. Friction force values were found max-
imum as 24.09 N for GJFRP composites with 15.5 wt%
eggshells filler inclusion at 50 N applied load and minimum
as 7.38 N for composites with 3.5 wt% filler loading at 30 N
applied load condition. Fibre and matrix material adhesion
played a major role to influence the magnitude of friction
force in combination with wt % of fillers loading. The pres-
ence of particles of clustered fillers detached from the matrix
and from damaged fibres on the sliding track, increased plas-
ticity of matrix material at increased applied load (50 N),
ploughing of matrix material due to sliding against hard
asperity of the disc, brittleness of fibres especially of rein-
forced glass fibre and its broken particles on sliding track
etc. were some observed friction force affecting factors on
account ofwhich friction force valuewas highest in 15.5wt%

filler loaded composites at 50N applied load. Butwear debris
was low in case of 3.5 wt% filler loaded GJFRP composites
at 30 N applied load condition. Self-lubricating properties of
fibres reduced the friction force at low normal load appli-
cation. There was a very low presence of detached filler
particles frommatrix material during sliding on the track. No
clustering of filler particles was observed in 3.5 wt% filler
loaded specimen. Hence, a proper wt% of eggshells filler
was recommended for better tribological behaviour of devel-
opedGJFRPcomposites,which is strongly in agreementwith
Parikh and Gohil, Basavarajappa et al. and Moorthy et al.
[40–42]. Similar trends were observed by Kumar et al. [43]
during the FRP composites tribological behaviour study.

After going through all the wear test runs, SEM images
were taken on Scanning Electron Microscope (JEOL-JSM
6390L). Mechanism of wear and wear debris, clustering
of fillers, damaged matrix material and presence of micro-
cracks, fibre breakage and pull-out, pits formation, etc. were
observed through the study of SEM images, which can be
observed from Figs. 8a–e, 9 as shown below:

The SEM image of the hybrid GJFR polyester composite
specimen with 3.5 wt% eggshells filler loading is shown in
Fig. 8a. Micro-ploughing and cracked matrix material can be
visualized from this figure clearly. Figure 8b is representing
6.5 wt% filler loaded specimen and the damaged matrix can
be observed from the same.Wear debris with some debonded
eggshells filler particles can be observed from Fig. 8c of
9.5 wt% filler loaded specimen post wear test. There were
fibres pull-out after matrix damage in 12.5 wt% filler loaded
specimen post wear testing, which can be observed from
Fig. 8d. Although fillers make a cross-linked bond between
fibres and matrix material but due to the high amount of
fillers loading and clustering of filler particles, fibre pull-out
took place in this sample due to weak bonding. Figure 8e
is representing a 15.5 wt% filler loaded specimen, which is
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Fig. 6 COF V/s wt % of eggshell
filler

Fig. 7 Friction force V/s wt% of
eggshell filler

exhibiting cracked matrix and agglomeration of filler parti-
cles. The debonded fillers, detached matrix material, broken
fibres etc. increased the wear loss and coefficient of friction.

4 Mechanical properties testing

4.1 Tensile strength test

Tensile strength testswere performed on eggshell ash powder
loaded hybrid GJFRP composites as per the ASTM D638-
14 standard. Zwick/Roell Z250 model of UTM as shown in
Fig. 9 was used to test the tensile strength of GJFRP compos-
ites. Gauge length, test speed and dimension of the specimen
were selected as per ASTM standard. All the test samples
were tested repeating three times. Average values of tensile
strength results were selected for final result discussion. All
the tensile tests were carried out on the room temperature

conditions. The average obtained results were found within
+ 5% error range.

4.2 Compressive strength test

The compressive strength of GJFRP composites was tested
on the Zwick/Roell Z250 model of UTM following ASTM
D695-15 standard. Total fifteen samples three of each type
were prepared for the compressive strength test and the aver-
age of final obtained results were discussed. A compressive
load was applied until the fracture starts in the specimen.
The compressive tests were carried out on room temperature
conditions. The average obtained results were found within
+ 5% error range.
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Fig. 8 a 3.5 wt% eggshells filler
loaded GJFRP composites
specimen. b 6.5 wt% eggshells
filler loaded GJFRP composites
specimen. c 9.5 wt% eggshells
filler loaded GJFRP composites
specimen. d 12.5 wt% eggshells
filler loaded GJFRP composites
specimen. e 15.5 wt% eggshells
filler loaded GJFRP composites
specimen

5 Mechanical properties results discussion

5.1 Tensile strength test result

Tensile strength results are shown infigure 10.Maximum ten-
sile strength as 75 MPa was exhibited by 9.5 wt% eggshell
ash powder loaded GJFRP composites. Hybrid GJFRP com-
posites with a 3.5 wt% filler load showed minimum tensile
strength as 62MPa. Filler loading was observed as a strength
increasing factor but up to a limit. The clustering of filler
particles was observed as strength diminishing factor when
loaded beyond 9.5 wt% amount. Fibre damage also took
place due to increased agglomeration of fillers resulting into
failure of the material. The obtained results are in agree-
ment with Gupta et al. [17]. A proper wt% of carbonized
eggshells filler (9.5wt%) and better fibre andmatrix adhesion
resulted in higher tensile strength gain in GJFRP compos-
ites. Reduction in higher wt% filler loaded specimens caused
due to unequal distribution of fillers caused by clustering
and reduced interfacial bonding between fillers and polyester

resin material and, also, reduced bonding area between fibre
andmatrixmaterial. Mixing of a suitable coupling agent may
improve the tensile strength of developed eco-friendly com-
posites. The obtained results are in accordance with Nayak
et al. [44]. SEM images of post tensile strength test frac-
tures are shown in Fig11a and b, exhibited fibre and matrix
damage, broken fibres due to tensile load application and
debonding with resin during clustering of filler particles.
Porosity in matrix material played a vital role in the failure of
thematerial and arose due to agglomeration of filler particles.
More the formation of the number of voids more will be the
chances of failure of the material, as it starts cracks initiation
in the composite materials. The weight of fibre reinforce-
ment is constant in all the specimens and varying filler wt%
is single strength influencing parameter. Similar trends were
observed by Kumar et al. [45] during the FRP composites
mechanical characterization.
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Fig. 9 Test specimen loaded UTM Machine

5.2 Compressive strength test result

The results of the performed compressive strength test of dif-
ferent GJFRP composites samples are displayed in Fig. 12.
Maximum compressive strength was exhibited by devel-
oped GJFRP composites with 12.5 wt% filler loading and
minimum compressive strength was observed in compos-
ites with 3.5 wt% filler loading and observed maximum and
minimum compressive strength are 99 MPa and 49 MPa
respectively. Eggshell ash filler particles showed a cement-
like bonding with the matrix as well as with fibres and
made the plastic composites brittle in nature. Compressive
strength was improving with the increase of wt% of car-
bonized eggshells filler. There was an observed decrease in
compressive strength in 15.5 wt% fillers loaded specimens.

More amount of fillers loading not only increased agglom-
eration of filler particles but also increased brittleness of
matrix material. The applied compressive load was not uni-
formly distributed due to decreased elasticity and increased
brittleness of the matrix. A sudden compressive failure was
observed with the application of load in high filler loaded
specimens. It was observed that compressive strength in
hybrid composites can be measured with the ultimate load
only without considering any other general responsible fac-
tor, which is in agreement with G. Kretsis [46]. The brittle
fracture was exhibited by the specimens during compressive
strength testing.

6 Conclusions

Following are some concluding points from the study:

I. Carbonized Eggshells filler loaded GJFRP composites
were developed successfully using the pultrusion pro-
cess. It was observed that only a proper wt% of filler
inclusion is capable to enhance the wear behaviour and
mechanical properties of developed bio-composites.

II. The maximum and minimum tensile strength was
observed 75 MPa and 62 MPa at 9.5 wt% and 3.5 wt%
of carbonized eggshells particles inclusion respectively.
The maximum andminimum compressive strength was
exhibited as 99 MPa and 49 MPa by 12.5 wt% and
3.5 wt% eggshells filler loaded GJFRP composites.

III. Maximum wear resistance was observed in 9.5 wt%
eggshells filler loaded composites. Applied load and
wt% of eggshells filler were major wear behaviour
affecting factors.

IV. Microscopy study with the help of SEM confirmed the
pull-out of fibres. Clustering of fillers, damaged matrix
material and presence of micro-cracks, fibre breakage
were observed through SEM, which was carried out
post wear testing.

Fig. 10 Tensile strength of
eggshells filler loaded GJFRP
composites
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Fig. 11 a and b SEM images of
tensile fractured specimen

Fig. 12 Compressive strength of
Eggshells filler loaded GJFRP
composites

V. A better adhesion between the matrix material and
hybridized untreated glass and jute fibres improved the
mechanical properties and wear behaviour of the devel-
oped hybrid bio-composites material. Pre-treatment
of fibres with suitable coupling agent addition may
increase the adhesion between fibre, filler, and resin
resulting into more strength of the developed material.

VI. Different weight percentages loading of filler material
was observed as responsible factor for the variable ten-
sile and compressive strengths.
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