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1. INTRODUCTION

Polymer gears are proving to be the simplest and widely adopted means of power transmission over conventional
(steel) gears due to some advantages, such as self-lubricating attributes, low cost, and good weight and noise
reductions. However, modern machines are designed to operate at varying loads and speeds, and this leads to gear
teeth failure at certain loads/speeds condition. Research attempts are ongoing to find alternative materials for gear
manufacturing in a bid to overcome this drawback (Singh et al., 2018). Polyester matrix composite materials offer
ample strength-weight ratio. In recent times, research on composites development is focused on the use of natural
materials rather than synthetic. The shift from synthetic to natural fibre-based composites is due to the
environmental friendliness and socio-economic benefits offered by natural materials (Raju et al., 2012; Razak et al.,
2017; Sanjay et al., 2018). Agro-waste products are cheap and readily available for natural fibre-based composites.

Their utilisation for various types of composites is increasingly investigated.

Agro-wastes have been proven suitable to impregnate polyester resin; they are cheap, readily available and
possess desirable engineering properties (Abba et al., 2013). As reported in the literature, some agricultural by-
products already used to produce polyester matrix composites includes, palm fronds (Ibrahim, 2015), palm kernel
shell (Adeyemi et al., 2018), rice husk (Fernandesa et al., 2018; Kenechi et al., 2016; Zurina et al., 2004), Luffa
(fibrous plant) (Daniel-Mkpume et al., 2019) wood (Kamdem et al., 2004; Karmarkar et al., 2007), corncob
(Garadimani et al., 2015), groundnut shell (Panneerdhass et al., 2014; Usman et al., 2016), banana fibres — peels and
stem (Devireddy & Biswas, 2018; Pothan et al., 1997) and coconut shell (Bretotean et al., 2018). They are widely used for
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automobile applications (Noryani et al., 2018), gears (Rajeshkumar & Manoharan, 2017) and other lightweight

applications (Saravana Bavan & Mohan Kumar, 2010).

Melon crop (Citrullus lanatus) has whitish seeds coated with brownish and lightweight shells. It is grown on a
large scale for food in some African countries, but majorly in Nigeria (Ogbe & George, 2012) and other West African
countries (Obi et al., 2011). While the melon seed is nutritious, its shell (by-product) separated via mechanical shelling is
useful for some purposes such as animal feeds, blending with fish feed to improve fish buoyancy (Obi et al., 2011). Also, it
was reported to have nutritional value in the form of roughages in fowl feed (Ogbe & George, 2012), and it is economically
viable for metal matrix composites (Suleiman et al., 2018). Application of melon shells (MS) in composites development
may involve carbonisation of the MS at controlled temperatures. When MS was used as a dopant in Al-12%Si, the
microstructural analysis of the composite showed a uniform oxide distribution, and the mechanical properties such as

tensile strength, hardness, impact and wear resistance were improved significantly (Abdulwahab et al., 2017).

Polyester matrix composites can be applied in the production of lightweight gears (Adeyemi et al., 2018;
Rajeshkumar & Manoharan, 2017) following the established methodologies for gear design as reported in the literature
(Anakhu et al., 2018; Bhandari, 2010; Gupta & Chatterjee, 2018; Mahendran et al., 2015; Mao, 2007). Among gear types,
spur gears are usually the first choice because of their design simplicity, excellent efficiency and broad applicability
(Mahendran et al., 2015). Although polymer composite gears may become soft and wear out at a certain temperature
(Khalil et al., 2011), their low cost, lightweight and reduced noise levels are favourable advantages. The melon crop is
produced in large tonnage locally; its known application areas have been reported. However, there is a shortage of
information regarding the application of its shell for polyester matrix composites development. This study intends to
examine the use of MS as reinforcement for Polyester Resin for spur gears and to study what advantage(s) the use of such

composites might have over the conventional spur gears made from cast steels.
2. MATERIALS AND METHODS

The materials employed in this study include particulate Citrullus lanatus (melon) shells, polyester resin, methyl ethyl

ketone peroxide, cobalt naphthenate, (A - Z grease, sodium hydroxide, deionized water and PVC mould cavity (Figure 1a).
2.1 Methods

The as-received Citrullus lanatus Shells (CLS) were washed and sun-dried to remove impurities (Figure 1b). Afterwards,
they were milled into granular form, treated with aqueous sodium hydroxide to expose the fibre surface for enhancing the

mechanical strength, and the treated granular CLS was sundried and sieved (Figure 1c) using an 850um sieve aperture.

—

©

Figure 1: (a) PVC Mould (b) Citrullus lanatus (melon) Shells (c) Pulverised and Treated CLS
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Table 1 presents the %owt composition of each component in the composite formulation.

Table 1: % wt Composition of the Composites

1. Polyester resin and methyl ethyl ketone peroxide 94.98

2. Cobalt naphthenate 0.02

3. Pulverised Citrullus lanatus (melon) shells 5.00
Total 100

Characterisation

The tensile test was conducted on the specimens (Figure 2) at the Material Testing Laboratories, Engineering Material

Development Institute, EMDI, Akure, Nigeria, using an electronic universal testing machine (Model: INSTRON 3369).

[
Figure 2: PCLSRC Tensile Test Samples
Density Test: The density of the specimens was determined using Archimedes’ principle and calculated from
equation (1) (Khalil et al., 2011).

W
= Q)

Where

W = weight of the sample in air(g)

v, = initial volume of water (cm?)

v, = final volume of water (cm?®)
Performance Modelling

The particulate CLS reinforced polymer composite was modelled for gear application. The geometric model of a typical
spur gear was drawn in AutoCAD and produced in Solid Works (Figure 3a and 3b, respectively) and the model was

imported into ANSYS 15.0 environment for simulation (Figure 3 (c) & (d)).
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Figure 3: Spur Gear (a) Drawn in 2D (b) Modelled Using Solidworks (¢) & (d) Mesh Analysed in Ansys 15.0

3. RESULTS AND DISCUSSIONS
Physical Properties of the Pulverised Citrullus Lanatus Shells (PCLS)

Table 2 shows the physical properties of the PCLS.

Table 2: Physical Properties of PCLS

Materials Particle size (nm) | Texture Colour Density (g/cm3)
Pulverised Citrullus lanatus shells 850 Coarse | Light brown 0.722

Mechanical Properties of the PCLS Reinforced Composite

The average tensile strength (¢}, average load at break (F), average extension at break (&), ultimate tensile strength
(UTS) modulus of elasticity (E), bulk modulus (K) and shear modulus (G) and Poisson’s ratio (V) of the developed
composite are presented in Table 3. The stress-strain plot of the composite under tensile loading is shown in Figure 4. It
was observed that the failure occurred at Gy = 85.08 MPa with the corresponding average tensile strain ( &r) of 0.053

mm/mm.

Table 3: Tensile Test Features of the composite (PCLSRC)
P(KN) | € (mm) | &r (MPa) E:nufmmj UTS (MPa) | E (GPa) | v K({GPa) | G (GPa)

1.02 2.67 85.08 0.053 85.08 2.59 0.33 2.54 0.97

100

Tenslle stress (MPa)

0.00 0.01 0.02 0.03 0.04 0.05
Tensile strain {mm/mm)

Figure 4: Stress-Strain Plot of the PCLSRC

The 85.08 MPa recorded as the tensile strength value for the PCLSRC is lower than that of cast steel (540 MPa)
used to benchmark the spur gear design (Anakhu et al., 2018). However, the obtained tensile strength for the PCLSRC can
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be used to design and develop spur gears operating within the range of < 85.08 MPa loading condition.
Modelling of the PCLSRC Spur Gear

With a torque of 140N-m, the PCLSRC spur gear was modelled and the following stress characteristics namely; von-mises

stress distribution, elastic strain, maximum deformation and shear stress were obtained as shown in Figure 5 (a), (b), (c)

and (d) respectively.

Figure 5: PCLSRC Spur Gear Analysis Result of (a) Von-Mises Stress Distribution (b) Elastic Strain
(¢) Maximum Deformation (d) Shear Stress

The Von-Mises stress is maximum around the key-way section of the gear (Figure 5a) due to stress concentration
effect, the elastic strain is maximum in the region within the gear root circle, as shown in Figure 5b, deformation is
maximum around the gear teeth (Figure 5c), while the shear stress is uniformly distributed, as shown with mono-colour in
Figure 5d. The von-misses stresses and maximum shear stress of the developed material compare favourably with that of
the cast steel considered for the benchmark, as presented in Table 4, Figure 5c¢ and 5d.

Table 4: Failure Analysis of the PCLSRC (5 wt. % PCLS) Material
Compared with Cast Steel

Parameters PCLSRC Cast steel

Max. Von-Mises stress (MPa) 5.10 5.00

Max. Elastic strain (mm/mm) 0.04 0.04

Max. Deformation (mm) 0.11 0.04

Max. Shear Stress (MPa) 2.86 2.78
6 012
s 0.1
4 0.08
3 0.06
2 0.04
1 Il Il - HN m
° bcLSRC Cact stecl ° PCLSRC Cast steal

® Max. Von-Mises stress {MPa) | Max. Shear stress (MPa) B Max, Elastic strain (mm/mm) @ Max, Deformation (mm)
(a) (b)

Figure 6: PCLSRC Spur Gear Plot of (a) Von-mises Stress and Shear Stress (b) Strain and Deformation

The maximum von-mises stress and shear stresses for both the developed material model and that of steel are
shown in Figure 6a, while the maximum elastic strain and deformation are shown in Figure 6b. The obtained values
compare favourably with those of the steel material. The maximum Von-misses stress of the modelled spur gear (5.101

MPa) is however lower than the value of yield stress (90.0 MPa) obtained during the uniaxial test of the PCLS based
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composite. Therefore, spur gears developed with the PCLS based composite are not likely to fail under the design

conditions.
4. CONCLUSIONS

The possibility of reinforcing polyester resin with melon shells powder (850-micron size) to form a composite material
through an experimental and analytical approach was studied. The physical and mechanical properties of the developed
natural fibre-based composite were determined for the investigation. The composite’s static structural features were
modelled and analysed for spur gear applications. The results showed that for a 5% weight fraction of melon shell in the
formulation, the material gave satisfactorily performances suitable for spur gear application where loading condition and

torque requirement is less than 90.3 MPa and 140 N-m, respectively.
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