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ABSTRACT

This research investigates the effects of snail shell-based hydroxyapatite (HAp) reinforcements on the
mechanical, wear, and selected physical properties of epoxy-based composites. The exploitation of these
properties was aimed at assessing the suitability and efficiency of the developed bio-composites for
adhesive biomedical applications. Snail shell wastes were sourced and processed to obtain (HAp)
particles of <20 um. The bio-derived hydroxyapatite-based epoxy composites were produced using the
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stir-cast method by mixing the hydroxyapatite with the epoxy resin and hardener before pouring into the hydroxyapatite;
moulds where they are allowed to cure. Scanning Electron Microscope (SEM) and X-ray Diffraction (XRD) biocompatible;
of the snail shell hydroxyapatite particles were carried out while mechanical, wear, and physical proper- biodegradable

ties of the developed composites were evaluated. SEM images of the fracture surfaces were also
examined. The results showed that enhancements occurred from the addition of snail shell-derived
HAp to epoxy resin in the developed composites. The results revealed that most of the properties gave
their optimum values when 15 wt.% reinforcement was used. At this weight fraction, optimum values
were obtained which include 43 MPa for maximum flexural strength, 40HS for hardness, 40 J for impact,

0.35 W/mK for thermal conductivity, and 0.07 for wear index.

Introduction

Biomaterials are synthetic materials used as devices for the
replacement of a living system and to function in intimate
contact with living tissue. Orthopaedic implants are classified
as biomaterials that are used for the replacement of damaged
bones in the human body. Bones which include the femur,
tibia, and fibula bone are replaced with materials that have
high stiffness, biodegradability, high tensile and compressive
strength, high yield and fatigue strength, biocompatibility, and
high corrosive resistance (Ranter and Zhang 2020; Zhang et al.
2021). The attempt to replace damaged or amputated human
bones has been birthed in the employment of several materials
for biomedical implantation, some were effective while some
had trial failure (Iftikhar et al. 2021).

Biomaterials in order to be biodegradable and biocompati-
ble must display suitable properties for their applications in
terms of strength, durability, and biological influence (Elakkiya
et al. 2021). Metals and their alloys such as titanium, stainless
steel, and cobalt-based alloys have been widely investigated for
implant-device applications due to their excellent mechanical
properties (Wang, Zhang, and Yao 2021). However, these

metallic-based materials may also manifest biological issues
such as toxicity, poor tissue adhesion, and stress shielding
effect due to their high elastic modulus.

Polymer-based composite materials have been reported to
be a potential material for the fabrication of biomedical
implants because of their high stiffness, corrosion resistance,
biodegradability, and biocompatibility (Luo et al. 2021;
Jesuarockiam et al. 2019). Hydroxyapatite particles are con-
sidered a promising reinforcement material in the fabrication
of bio-composites due to their effective use as a bone-graft
material for creating strong chemical bonding between the
biomedical implants and the host bone tissues (Wan et al.
2021; Oladele et al., 2019a). Also, due to the similar chemical
structure of hydroxyapatite to natural bone, along with its
bioactivity, osteoconductivity, and osteoinductivity, hydroxya-
patite has been successfully applied in biodegradable polymer-
based composites and metallic biomaterials (Agbabiaka et al.
2020; Andrew et al., 2018; Lin et al. 2011).

The dire need for improved biomedical materials at low
cost cannot be overemphasised. Due to this fact, a growing
need to develop biomaterials by utilising available agricul-
tural wastes has been a research focus for many researchers
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(Agbeboh et al. 2020; Nayak et al. 2020). Though fewer
research has been carried out for the conversion of agro-
wastes to biocompatible and biodegradable products, the
emergent agro-wastes that are employed for the production
of hydroxyapatite serves as an alternative inorganic source
for bones and tooth replacements and grafting due to their
similar bio-mineral constituents and are expected to con-
tinue to stimulate the interest of researchers worldwide
(Oladele et al. 2018).

Adhesive biomaterials have had a wide range of applica-
tions in all medical fields due to the extensive variety of
biomaterials with different adhesion properties (Zaokari,
Persaud, and Ibrahim 2020). The field of orthopaedics has
enjoyed many benefits from using adhesives that can pro-
vide superior biocompatibility, resorbability, and low
immunogenicity. The areas of applications of adhesive bio-
materials in orthopaedics are as filler materials to treat
bone defects, as carrier materials to deposit other bioactive
materials to a site, and as scaffolds. The need for adhesive
biomaterials has been on the rise as they can be applied to
virtually any application. Methods like sutures, staples, and
clips are often used to close wounds but these methods had
several limitations over which adhesive materials can offer
some benefits (Lauto, Mawad, and Foster 2008). Other
non-adhesive biomaterials can be difficult to use due to
the possibility of causing damage to surrounding tissue
when applied and can be time-consuming. Adhesives were
not studied extensively until the 1900s when adhesive sea-
lants used for haemostasis were developed (Kazemzadeh-
Narbat, Annabi, and Khademhosseini 2015). One of the
initial documented studies was done with naturally derived
adhesives (Zaokari, Persaud, and Ibrahim 2020). Since
then, more research is being carried out in this field of
study because adhesive biomaterials can offer an effective
alternative to current methods being used in all clinical
fields. This research was carried out to develop a bio-
derived hydroxyapatite-based composite for adhesive bio-
medical applications using epoxy resins as matrix and snail
shell-based HAp as reinforcements. This was done in order
to develop sustainable adhesive biomaterials with ease of
use without impairing the function of the surrounding
tissue.

Materials and methods
Materials

The materials used for the research include the following:
Epoxy Resin and Hardener that were supplied from Malachy
Enterprise, Lagos State, Nigeria. Snail shell from white shelled
snail (Archatina Manginatta) sourced from farmland in
Akure, Ondo State, Nigeria. Distilled water and
Orthophosphoric acid from Pascal Scientific, Akure.

Methods

Preparation of the snail shell hydroxyapatite

The sourced snail shell wastes were thoroughly washed and
dried to remove impurities. They were then crushed and
ground before being sieved to obtain “50 pm snail shell parti-
cles. Plate 1 showed the image of snail and snail shells.

The conversion of the 50 um grounded snail shells to CaO
followed the steps reported by Agbabiaka et al. (2020). In the
first stage of the calcination process, a heating rate of 7°C/min
was used to heat the snail shells from room temperature to
550°C and held for 2 hours. In the second stage, a heating rate
of 5°C/min was used to heat-treat up to 700°C with a holding
time of 2 hours while in the third stage, a heating rate of 4°C/min
was used to heat the shells to 1000°C and was held for 1 hour at
1000°C. At this stage, the snail shells were now transformed into
calcium oxide (CaO) by evolving carbon dioxide (CO2). The
CO2 was formed through the following equation:

CaCO3 — CO2 + CaO (1)

The CaO produced from the calcined snail shell was further
converted into hydroxyapatite in an orthophosphoric acid
(H3PO,).

A stoichiometric amount of the calcined sample was dis-
persed in a beaker containing 100 ml of distilled water placed on
a hot plate maintained at 90°C for 2 hours. A 20 ml of analytical
grease of orthophosphoric acid was added to the beaker and
stirred at 120 rpm. Initially, a suspension was observed follow-
ing which the solution became clear after about 30 minutes of
mixing. The PH value of the solution was kept below 2 by
adding drops of sodium hydroxide solution as required. The
solution was aged for 7 days, filtered and the residue was dried




at 105°C for 1 hour in an oven. Thereafter, the dried residue was
heated to 1000°C in a furnace at 150°C/min for 1 hour. Finally,
the lumped hydroxyapatite solids formed were manually
ground into powders and sieved to obtain 20 um particle
sizes. The equation of reaction is shown in equation (2)

10CaOH2 + 6H3P0O4 — Cal0(PO4)6(OH2) + 18H20 (2)

The synthesised snail shell-derived hydroxyapatite was as
shown in Plate 2.

Fabrication of snail shell derived hydroxyapatite
composites

The snail shell-derived hydroxyapatite reinforced epoxy com-
posite samples were fabricated by the stir cast moulding pro-
cess. The bio-derived HAp/epoxy composites were produced
by randomly dispersing 3, 6, 9, 12, and 15 wt.% hydroxyapatite
particles in epoxy resin (in ratio 2:1 with its hardener). A total
of 350 g was used to determine the mass of the matrix and
reinforcement in the production of the composites with the
formulation shown in Table 1. Unreinforced epoxy-based
sample, designated as the control was first produced for the
basis of comparison and the development of the composites.

Characterisation and evaluation of snail shell and
developed composites

XRD Analysis

X-Ray diffraction (XRD) pattern of the snail shell particles was
carried out to determine the phases present in the particles by
taking measurements within the range of 20 = 10 — 90° using
a Shimadzu XDS 2400 H diffractometer with 40 mA, 45 VA
and 240 mm with a copper Ka radiation source. The machine
was operated at generator settings of 30 kV and 20 mA at
a temperature of 25°C and the patterns were analysed using
PANalytical (v3.0e) X’pert High score software.

Tensile test

Tensile testing on the samples was conducted on a universal
testing machine (UTM, FS 300-1023, USA) at a crosshead
speed of 5 mm/min. The test was carried out at room tem-
perature and in accordance with ASTM D-638-14 (2014)
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standard. Specimen dimension is based on Type IV specifica-
tion with an overall length of 115 mm with a thickness of
3 mm. Three replicates of each tensile sample were fabricated
for the tensile test. An average value was calculated from the
results to aid the plotting of the tensile graphs.

Flexural test

Flexural test on the sample was examined on a universal testing
machine (UTM FS 300-1023, USA) according to ASTM
D-790-15 (2015) standard. Three samples from each lot were
tested in accordance with the standard. The test specimen had
a dimension of 150 x 50 x 3 mm and was hooked on the grip of
the machine. The test speed was 5 mm/min over a span of
65 mm and the obtained results were analysed afterwards.
Three replicates of each flexural sample were fabricated for
the flexural test from where the average value was further
calculated to aid the plotting of the flexure graphs.

Hardness test

A digital Shore Hardness Tester was used to perform the
hardness test. The hardness of each material was measured
and determined by the hardness tester instrument and
expressed as HRC. For each hardness measurement, six inden-
tations were made and each indentation was implemented at
different points on each specimen. The average value was
determined to provide the mean value hardness for each
selected material. A load of 15 kg was applied to each specimen
with 15s dwell time. The samples were indented in five differ-
ent locations from where the average values were further
calculated to aid the plotting of the graph.

Impact test

The notched Izod impact test was conducted in accordance
with ASTM D256-10 (2018) standardised test method for
determining the Izod Pendulum impact resistance of plastics.

Table 1. Mass ratio of the developed epoxy bio-composites.

Weight (%) Epoxy Resin (g) Hardener (g) Snail Shell (g)
3 22633 113.16 10.50
6 219.33 109.66 21.00
9 21233 106.17 31.50
12 205.33 102.67 42.00
15 198.33 99.17 52.50

Plate 2: Synthesised snail shell derived hydroxyapatite.
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The test was carried out using a Hounsfield balanced impact
testing machine, serial number 3915, model number h10-3.
Impact test samples with a dimension of 64 x 11 x 3 mm were
notched at the centre. Samples were placed horizontally on the
machine, maintaining a distance of 60 mm between lines of
supports. The test samples were placed on a cantilever position
clamped upright with a V-notch at the level of the top of the
clamp. The machine pendulum hit the test piece and was
allowed to fall freely to a fixed height. Also, three replicates
of each impact sample were fabricated for the impact test from
where the average values were calculated to aid the plotting of
the graph.

Wear test

The wear resistance of the samples was examined using a Taber
abrasion tester (TABER Rotary Platform Abrasion Tester -
Model 5135, USA) in accordance with ASTM D4060-10 standard.
A centre hole of 10 mm was made on the sample to fix the test
piece on the machine. The sample was secured to the instrument
platform that is a motor driven at 500 rpm. Each specimen was
a flat round disc of approximately 100 mm in diameter and
a standard thickness of approximately 6.35 mm. ASTM D4060-
10 standard was used to calculate the wear resistance as loss in
weight at a specified number of abrasion cycles (500). A set of two
rotating abrasive wheel of thickness (12.6 mm) and diameter
(50 mm) was run against the test samples and were subjected to
a contact load of 1000 g. The rotational speed of operation was set
at 500 rpm for about 1000 cycles. The wear indices were calcu-
lated based on the sample weight loss as shown in equation (3).

Wear Index = (Wi — Wf) % 1000/C (3)

where W;, W¢ and C are initial weight, final weight, and
number of test cycles, respectively.

Thermal conductivity test

Thermal conductivity test was carried out using the Lee’s disk
apparatus to determine the thermal conductivity of the devel-
oped composite in accordance with ASTM E1530-19 (2019).
The thermal conductivity analysis was carried out at
a temperature range of 50°C-80°C and at such, no temperature
or thermal degradation was noticeable as the material devel-
oped was not tested at a temperature close to the activation of
degradation. To determine the thermal conductivity of the
samples, Equation 4 was used.

B mep(@; — D,)4x

- aDX(T, — Ty)t )

where K is the thermal conductivity, M is the mass of the disk,
0.0078 kg, Cp is the specific heat capacity of the disk, 0.91 kJ/kg
K, ®, and ©, are the initial and final temperature of the disk B,
D is the diameter of the sample (0.04 m), X is the thickness of
the sample, 0.003 m, T, and T, are the temperature of disk
A and B in Kelvin and, t is the final time taken to reach a steady
temperature.

Water absorption test

Water absorption tests were carried out in accordance with
ASTM D5229M-12 (2012). To carry out the test, 250 cl of
water media was poured into clean plastic containers. The
initial weight of each of the samples was taken using
chemical weighing and readings were taken every day for
30 days. To take the readings, the samples were brought
out, cleaned with clean cloth before weighing. The data
collected were used to determine the weight gained using
the formula in Equation (5).

W(g) = Wt — Wo (5)

where W (g) is weight gain per day, Wo is the oven-dry weight
and Wt is the weight of the sample after time (t).

Microscopy characterisation

The SEM micrograph characterisation for the fracture surfaces of
the samples were carried out using EVO MA 15, Carl Zeiss SMT.
Samples were gold sputtered to improve electrical conductivity.

RESULTS AND DISCUSSION

XRD Analysis and SEM images of snail shell derived HAp
patrticles

The XRD analysis of the snail shell powder was carried out using
a Shimadzu XDS 2400 H diffractometer with 40 mA, 45 VA, and
240 mm tube current, voltage rating, and goniometer radius,
respectively, attached to a digitised computer along with graphical
assembly on uncompressed powders to collect the maximum of
the diffraction lines and better identification of the phases. The
powdered sample was prepared using the sample preparation
block and compressed in the flat sample holder to create a flat,
smooth surface. The sample was later mounted on the sample
stage in the XRD cabinet. The X-ray of Cu Ka radiations was
collimated and directed onto the sample. Then, the powdered
sample was analysed using the reflection-transmission spinner
stage and Theta-Theta settings scanning range of 4 to 75.000
degrees with a two-theta step of 0.026 at 13.7700 seconds per step.
The intensity of the diffracted X-rays is continuously recorded
automatically on a chart and the appropriate 6 and (d) values
were then obtained as the sample and detector were rotated
through their respective angles.

Fixed anti-scatter and divergence slits of %4° were used
together with a beam mask of 10 mm. All scans were carried
out in continuous mode using a detector. The d (111) spacing
(A) was determined using the Bragg’s law shown in equation 6.

A
4= 2 sin(?)

(6)

where A is the Ka wavelength and 26 is the peak value at the 26 °
axis.



Table 2. XRD diffraction peaks of snail shell-derived HAp particles.

Peak 26/degree Plane Intensity d-Valve (A°) Mineral Phase
1 21.56 200 51.35 4.1072 Calcium carbonate
2 27.54 11 51.10 3.2359 Apatite

3 30.02 002 48.70 29741 Hydroxyapatite

4 31.00 112 192.30 2.8829 Calcite

5 31.98 210 48.93 2.7965 Dolomite

6 3248 113 33.57 2.7545 Aragonite

7 33.59 211 200.00 2.6659 hydroxyapatite

8 34.26 202 46.20 2.6152 hydroxyapatite

9 38.03 212 26.14 2.3643 Calcite

10 38.50 310 46.41 2.3364 Calcium Chloride
1 41.15 311 25.98 2.1918 hydroxyapatite
12 41.50 203 46.38 2.1742 hydroxyapatite
13 43.01 222 25.98 2.1012 Aragonite

14 44.50 312 23.10 2.0334 Quartz

15 45.01 213 26.01 2.0099 B-calcium phosphate
16 50.03 321 84.70 1.8217 hydroxyapatite
17 52.16 410 23.48 1.7521 Aragonite

18 54.21 402 33.57 1.6907 Apatite

19 54.38 104 21.35 1.6857 hydroxyapatite
20 56.78 322 81.93 1.6201 hydroxyapatite

21 59.21 313 34.00 1.5593 Calcite

The diffractogram for the samples were obtained. The back-
ground and peak-positions were identified and based on the peak
positions and intensities; a search-match routine was performed.

The obtained experimental patterns were compared to stan-
dards compiled by Joint Committee on Powder Diffraction
and Standards (JCDPS), while the 2-theta angles, d-spacing,
and relative intensities are shown in Table 2. XRD spectra of
the sample specimen are shown in the diffractogram (Plate 4).
As it is seen from the diffractogram in Plate 4 that there are no
crystalline peaks at the lower region in this graph which con-
firms the amorphous nature of the samples and exhibited
a typical crystalline glass phase pattern with a glass hump.
The SEM micrographs of the snail shell-derived hydroxyapa-
tite particles is as shown in Plate 5.
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Plate 3: SEM Image of snail shell derived HAp particles.

Tensile properties

The tensile stress—strain curves for samples are as shown in
Figure 1, where it was noticed that the control sample possess
the highest strain properties compared to the developed bio-
composites. Hence, unreinforced epoxy demonstrated the
highest plasticity potential compared to the developed bio-
composites. However, the bio-composites possess improved
tensile strength than the unreinforced epoxy. Thus, the bio-
composites have the potential to withstand higher stress than
the unreinforced epoxy that serves as control in the research.
The bio-composite with 6 wt.% HAp was the best among the
composites with a value of 46 MPa and 0.029 mm/mm ulti-
mate tensile strength and strain, respectively, compared to the
control with 22 MPa and 0.038 mm/mm. It was noticed that
6 wt.% HAp reinforced epoxy bio-composite displayed a good
combination of stress-strain properties compared to both the
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Plate 3: XRD diffraction pattern of snail shell derived HAp particles.
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Figure 1. Influence of snail shell-based HAp particles on the tensile stress—strain curve of the developed bio-composites and the control.
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Figure 2. Effect of the addition of snail shell-based HAp particles on the tensile properties of epoxy bio-composites.

control and other bio-composites. This revealed that, the
influence of reinforcement content on developed composites
is vital in composite development since optimum properties
are noticed to be strongly determined by the amount of rein-
forcement added in addition to other salient factors. Hence,
more attention should be given to the influence of reinforce-
ment content on the desired properties from the developed
composites.

Figure 2 shows the variation of the addition of HAp rein-
forcements on the tensile properties. It was observed that there
was an enhancement in the maximum tensile strength and
Young’s Modulus of the developed samples with the addition
of snail shell-derived HAp reinforcement when compared to
the control sample as noticed in Figure 1. The 6 wt.% HAp
reinforced composite possesses the highest tensile strength
with a value of 46 MPa while 12 wt.% HAp reinforced compo-
site possessed the highest Young’s Modulus with a value of
about 1031 MPa. These optimum values are due to the reasons
stated in Figure 1. The 6 wt.% reinforced composite sample
achieved 103.8% enhancement when compared to the control

sample with a value of 22 MPa while about 136% increase was
attained for 12 wt.% reinforced composites in terms of Young’s
Modulus when compared to the control sample that possesses
a value of 451 MPa. These enhancements indicated in the
reinforced composites might have occurred due to the pre-
sence of CaCO; in the snail shell-based HAp. Oladele et al.
(2019b) in their study reported that enhancement in tensile
strength was highly supported by the presence of particulate
CaCOs in the developed hybrid composites which agreed with
the findings of this work. Padmanabhan et al. (2015) in their
study on synthesis and characterisation of collagen scaffolds
reinforced by snail shell-derived hydroxyapatite also con-
firmed that the increase in density (weight fraction) of epoxy
composites decreases the tensile strength. Therefore, the
reduction in tensile properties observed between 6 wt.% and
12 wt.% may be due to the increase in weight fractions. Several
research outputs (Oladele et al., 2019b; Padmanabhan et al.
2015) has shown that weight fraction has a strong influence on
the properties of composites and, hence, the reason several
research is still being carried out to determine the



reinforcement content with optimum value (Oladele et al.
2021). Tensile Modulus tends to increase as the HAp content
increases from 3 to 15 wt.% HAp addition. There was no
significant enhancement when 3 wt.% was added until 6 wt.%
(974 MPa) which supports the reason why 6 wt.% HAp addi-
tion gave the optimum tensile strength as observed in Figure 2.
It is also evident from Figure 3 that the stiffness trend agreed
with these results. Hence, the addition of snail shell-derived
HAp into epoxy bio-composites improves the tensile
properties.

Figure 3 reveals the variation of the tensile strain at max-
imum tensile strength with respect to the reinforcement con-
tent and the control. The control sample has the longest strain
at maximum tensile strength; thus, enhancements did not
occur. The control sample when compared to the reinforced
sample has a relatively high strain rate with an optimum value
of 0.038 mm/mm. It was discovered that the strain rate
decreased as the reinforcement content increase which showed
that the addition of the HAp increases the strength and stiff-
ness of the materials. The absence of enhancements in the
strain rate of the developed composites may have occurred
due to the presence of strong and stiff hydroxyapatite particles
(CaCOs3) within the matrix. The 6 wt.% reinforced composite
possessed the highest tensile strain rate when compared to the
other reinforced composites with a value of 0.029 mm/mm as
shown in Figure 1.

Flexural properties

Figure 4 shows the effects of snail shell-based HAp on the
flexural properties of the composites. There was a decrease in
the flexural strength as the HAp content increased from 3 to
9 wt.% prior to an increase from 12 to 15 wt.% HAp addition.
It was noticed from the results that there was a slight enhance-
ment in the maximum flexural strength with the addition of
15 wt.% HAp as reinforcement in the composite. The 15 wt.%
reinforced composite experienced the optimum maximum
flexural strength property with a value of 43 MPa indicating
about a 4% increase when compared to the control sample that
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has a value of 41 MPa. These observed trends still confirm the
influence of reinforcement content on the properties of com-
posites. It also follows that the addition of 15 wt.% HAp meets
the required quantity needed for improved flexural strength in
addition to other factors that are common to all the developed
samples. It was discovered that there is a limited enhancement
in the bending strength of the materials that showed that the
addition of this HAp did not improve the bending strength of
the developed composites. However, for the flexural modulus,
high enhancements occurred. The initial increment from 3 to
6 wt.% was followed by a sharp decrease from 9 to 15 wt.%
HAp addition. HAp reinforced epoxy bio-composite with 3 wt.
% possessed the optimum flexural modulus with a value of
about 944 MPa indicating a 68% increase when compared to
the control sample. By obtaining the optimum flexural mod-
ulus at the lowest HAp content and slight increase in max-
imum flexural strength at 15 wt.% HAp addition implies that
small quantity of the HAp is needed for improved flexural
properties. Other reasons for the results obtained might be
due to what was explained in Figures 1 and 2.

Figure 5 shows the effects of snail shell-derived HAp on
flexural strain at maximum flexural strength of the developed
composites. There was no enhancement on the reinforced
composites when compared to the control sample and this
indicates that the reinforced composites possess lower strain
rate as compared to the control sample. The developed bio-
composites have low flexural strain tendencies compared to
the control. The reason for this occurrence is similar to what is
observed in Figure 3.

Hardness properties

Figure 6 shows the effects of snail shell-derived HAp on the
hardness of the developed samples. It can be clearly observed
that the hardness increases simultaneously with the weight
fraction. The 15 wt.% showed the best enhanced hardness
properties with an optimum value of 40 HS revealing a 254%
increase from the control sample. The increase in hardness can
be traced to the increase in density of the composite caused by

3 6 9 12 15

Reinforcements (wt.%)

Figure 3. Tensile strain at maximum tensile strength of the control and snail shell-based HAp reinforced samples.
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Figure 6. Effects of the addition of snail shell-based HAp particles on hardness property of the samples.



the increase in the weight fraction of the snail shell-derived
HAp. Thus, the hardness property of snail shell-derived HAp
reinforced epoxy composites increases with an increase in
weight fraction and this statement agrees with the findings of
Oladele and Isola (2016) in which they confirmed that high
density enhances higher material hardness.

Impact energy

The effects of snail shell-derived HAp on impact energy are
shown in Figure 7. It was observed that the impact energy
increases as the weight fraction increased from the 3-15 wt.%
HAp content. This increase in impact energy with simulta-
neous increase in weight fraction occurred due to the increase
in density. The 15 wt.% HAp reinforced epoxy bio-composite
emerged as the weight fraction with the most enhanced impact
energy having a value of about 40 J indicating a 35% increase
from the control sample. The control sample possessed the
lowest amount of impact energy with a value of about 26 J.
Teboho et al. (2018) in their study confirmed that the increase
in the weight fraction improves impact energy.

Wear property

The wear resistance of the samples was calculated based on
their wear index. This wear resistance is related to their
mechanical properties in terms of their surface characteristics.
Figure 8 shows the effects of snail shell-derived HAp on wear
index for the developed composites and the control. The
results revealed that wear resistance increases as the reinforce-
ment content increases from 3 to 15 wt.%. This improvement
in the wear index occurred due to the constant reduction in the
coefficient of friction as the weight fraction increased from 3 to
15 wt.% yielding low frictional force. The resulting low fric-
tional force existing from the increase in weight fraction
agreed with Oladele ef al. (2019a) in their study on the struc-
tural performance of poultry eggshell-derived hydroxyapatite
based high-density polyethylene bio-composites in which they
concluded that the inclusion of HAp significantly enhances the

45

Impact Energy (J)
o (6] o (6, ] o [§,]
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control 3
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wear resistance. Also, the low frictional force had been proved
to occur in reinforced epoxy composites due to the presence of
reinforcements which possess high density than the epoxy
matrix (Ramesh et al. 2014). From the results, it was observed
that the control sample possessed the highest wear index, and
the value reduces gradually till the 15 wt.% HAp additions
indicating 80% decrease. Thus, the 15 wt.% HAp reinforced
epoxy bio-composites possessed the highest wear resistance
with an optimum value of 0.07. The reduction in wear index
indicates increase in wear resistance properties which is also
due to increase densification from the HAp reinforcement and
proper wetting/adhesive bonding that exist between the HAp
and the epoxy resin.

Thermal conductivity properties

Figure 9 shows the thermal conductivity of the composites and
the control sample. It was observed that the thermal conduc-
tivity of the developed bio-composites increases as the HAp
content increases from 3 to 12 followed by a decrease at 15 wt.
% HAp contents. Thus, sample with 12 wt.% snail shell-
derived HAp reinforced epoxy bio-composite possess the
highest thermal conductivity with a value of 0.5076 W/Mk. It
was clearly shown that the thermal conductivity of the control
sample experienced the lowest value when compared to the
reinforced samples with a value of 0.1134 W/mK. Hence, about
348% increase in thermal conductivity was experience from
the control sample to the 12 wt.% reinforced composite. There
was also a slight decrease in the thermal conductivity from the
12 wt.% to the 15 wt.% revealing a 45% decrease. From the
results, it was evident that the inclusion of this bio-derived
HAp aided the thermal conductivity of epoxy which suggests
that this material can be utilised if properly modified as ther-
mally conductive material. This and other agro-based materi-
als could be processed as alternative sources to the synthetic
materials currently used, thus, promoting the development of
biodegradable and sustainable materials for electronics
applications.

40
3
3
2
2
1
1

0

6 9 12 15

Reinforcements (wt.%)

Figure 7. Effect of the addition of snail shell-based HAp particles on the impact energy of the developed bio-composites and the control.
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Figure 9. Effect of the addition of snail shell-based HAp particles on thermal conductivity.

Water absorption properties

The variation of water absorption properties for the control and
snail shell reinforced epoxy bio-composites is shown in
Figure 10. The results reveal the behaviour of the samples when
immersed in water medium against time. It can be observed from
the results that as the reinforcement weight fraction increases, the
weight gained by the composite samples increases from 3 to
15 wt.%. All the samples were found to absorb water rapidly
and linearly at the initial stage before the saturation level was
attained on the 27™ day where further increase in water absorp-
tion was not noticeable till the day 31* day. Water aids the
transmitting of oxygen and ions, hence, diffusion of water in
polymers is an important mechanism that involves intensive
attention (Oliveira et al. 2016; Hincke et al. 1995).

From the results, the rate of water absorption from day 1
to day 15 was rapid which shows a steep slope on the curve
while from day 16 till day 24, there was a linear and gradual rate
of water absorption that indicated a near saturation of the sam-
ples. At day 25 till day 31, it was observed that the samples were
saturated all through. There was a flat and saturated mode in the

curve. It was discovered that the addition of HAp encourages the
diffusion of liquid within the composites more than the control
samples. Hence, 15 wt.% HAp reinforced sample possessed the
highest weight gain among all the composite samples which
implies adequate permeability of fluid. This is an essential prop-
erty expected from biomaterials for effective body fluid
transmission.

SEM Images of the developed bio-composites

The SEM images showed the morphology of the fractured
composites samples as presented in Plates 6-10.

Plate 6 showed the SEM image of the bio-composite
sample with 3 wt.% snail shell-derived HAp. It revealed
a uniform dispersion of the snail shell-derived HAp in the
epoxy matrix with less amount of HAp compared to other
weight fractions. This led to a low agglomeration and the
inclusion of pores in the 3 wt.% bio-composite sample.
This low amount of HAp contributed to the observed
properties.
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Figure 10. Variation of water absorption properties on the snail shell-based HAp reinforcements.

The SEM image of the bio-composite sample with 6 wt.%
snail shell-derived HAp is shown in Plate 7. It was observed
that a more visible and optimum even dispersion occurred in
the matrix when compared to the 3 wt.% bio-composite sam-
ples. This more visible dispersion observed in Plate 7 indicates
an increase in the weight fraction and this increase led to the
presence of small agglomeration and de-bonding when com-
pared to Plate 7, Plate 8. The more visible and even dispersion
that occurred in Plate 8 was the major reason for the optimum
enhancements observed in the tensile properties of the 6 wt.%
bio-composite sample as shown in (Figures 2, 3).

Plate 8 shows the SEM image of the bio-composite sample
with 9 wt.% snail shell-derived HAp. At this high content of
HAp, a more pronounced agglomeration and de-bonding
occurred when compared to Plates (6 and 7). These observed
features contributed to the reasons for poor properties noticed
with this sample.

The SEM image of the bio-composite sample with 12 wt.%
snail shell-derived HAp is shown in Plate 9. This reveals an
increase in the quantity of snail shell-derived HAp with an
even dispersal in the epoxy matrix. This increase in the quan-
tity (weight fraction) observed in Plate 9 is responsible for the
simultaneous increase in the hardness, impact, wear, thermal
conductivity, and water absorption properties as shown in
Figures 6 to 10. Also, the formation of clustered lumps of
snail shell-derived HAp in the matrix led to the optimum
enhancement in the thermal conductivity properties as
shown in Figure 9.

Plate 10 shows the SEM image of the bio-composite sample
with 15 wt.% snail shell-derived HAp. The SEM image revealed
a well uniformly dispersed high weight fraction of HAp in the
epoxy. This feature was responsible for the improved properties
observed from most of the properties examined. High content of
the HAp with proper dispersion and adhesion within the epoxy
aid adequate transfer of load from the matrix to the reinforce-
ment and, thus enhanced properties. Unlike other weight frac-
tions where agglomerations and voids were noticed/well
pronounced, there is good blend at this weight fraction.

It can be seen from the SEM images (Plates 6-10) that the
adhesive property of epoxy resin was part of the reasons for
proper interfacial adhesion at the HAp/epoxy resin interphase
that produced improved properties at various weight fractions.
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Plate 7: Bio-composite sample with 6 wt.% snail shell derived HAp.
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Plate 10: Bio-composite sample with 15 wt.% snail shell derived HAp.

Conclusion

This research presented the synthesis and characterisation of
snail shell-derived HAp for use in epoxy matrix composites for
adhesive biomaterials applications. It was discovered from the
results that the developed bio-composites had improved
mechanical, wear, thermal conductivity and water absorption

properties. These results showed that snail shell-derived HAp
are potential materials for the fabrication of adhesive biomater-
ials with epoxy resin that can be suitably used for orthopaedic
applications. Among the various HAp content used, 15 wt.%
was the fraction with the optimum values in most of the proper-
ties; flexural strength (43 MPa), hardness (40 HS), impact (40 J),
wear index (0.07), and water absorption potential. Hence, both
the HAp synthesis method and the weight fractions that gave
optimum values in most of the properties considered can be
used for biomedical applications by the industry.
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