DesignandProductionofAutomotivePistonusingHybrid
AA6061/SiC/Carbonized Coconut Shell Nanocomposite

Abstract

The application of conventional monolithic materials in automotive and aerospace components has resulted
in hugefuel consumption, high operational cost and frequent components failure. Engineered materials have
therefore gained popularity in recent decades owing to their excellent properties which enhance high fuel
economy,reliabilityandlowoperationalcost. Thisstudydesignedandfabricatedanautomobilepistonusing
synthesized hybrid AA6061/silicon carbide/carbonized coconut shell nanocomposite. The hybrid
nanocomposite consisted of AA6061 alloy reinforced with nanoparticles of carbonized coconut shell (CCS)
and silicon carbide (SiC), combined in the ratio 1:1, and average particle sizes of 42.3 nm and 50.01 nm for
SiC and CCS respectively. The composite samples (consisting of 3, 6, 9, 12 and 15% wt. each of the
reinforcement materials), were produced by the stir casting method, and characterized for physical,
mechanical, tribological and thermal properties. The composite with optimal properties (AA6061/SiC/CCS
containing 9% wt. each of SiC and CCS) was used for the casting of the car piston. The fabricated
AAB061/SiC/CCS nanocomposite piston was tested with Feyeta—Model 12 valve engine and the results
obtained were compared with those of conventional piston and other investigators. The average fuel
consumption of the engine using the fabricated piston, was found to be 0.00701 litres/kWh, resulting in a
16.83% savings in fuel consumption when compared with the conventional piston. Also, the density of the
designed piston material reduced significantly by 8.5% of the density of the base alloy, resulting in efficient
fuel saving.
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1. Introduction

The automobile industry is one of the major beneficiaries of engineered materials in recent time as these
materials enhance high fuel consumption efficiency and strength to weight ratio. Because of their excellent
physical, mechanical, thermal and tribological properties, aluminium matrix composites are now replacing
monolithicmaterialsinautomobileandaerospaceapplications.Someoftheapplicationsofaluminium
matrixcompositesareinproductionofpiston,engineblockbottomplate, etc. Apistonis amovableelement of
an internal combustion (I.C.) engine usually fitted into the cylinder to receive and transmit power. In an
engine, its purpose is to transfer force from expanding gas in the cylinder to the crank shaft via a connecting
rod. The piston's primary responsibility is to take thermal energy created by the ignition of fuel and air and
transform it into linear motion. The piston’s linear motion acts on the crankshaft journal and becomes rotary
motion [1].To function efficiently, the piston is also expected to dissipate very huge amount of heat fromthe
combustion chamber to the cylinder walls [2]. The pistons are usually subjected to both thermal and
mechanical and loading during engine operation. Mechanical loading is caused by the gas pressure in the
cylinder and the reaction from the gudgeon pin and the cylinder wall. Thermal loading is caused by the
temperature and heat transfer condition in the cylinder and at other boundaries to the piston. It is therefore
necessarytounderstandtheloadingbecausethisprovidesthebasisfordesign,thereasonforoilcoolingand



the cause of structural failure of a piston. In addition to the piston design, material is a major element in the
piston manufacturing.

The structure of the piston may be categorized into two sections, which are the top section and the lower
section.Thetopsection iscalledtheheadorcrown,whilethelowersectioniscalledtheskirt. Thepistonsof internal
combustion engines are mostly of trunk type as given in Figure 1.
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The main parts of the trunk type pistons are the head, piston rings, skirt and piston pin. The piston head or
crown is the top surface where the gas explosive pressure is exerted when the piston moved up and down in
the combustion chamber. Therefore, it is usually thick to resistthe high gas pressure and to provide a smooth
heat flow from the crown to the combustion rings. The shape of the piston crown depends on the design of
the combustion chamber. There are various shapes such as concave, flat, cup, dome, hump and contour to
promote turbulence in combustion or to control the combustion process (Figure 2). The piston rings are used
to seal the cylinder in order to prevent leakage of the gas past the piston. The skirt serves as bearing for the

side thrust of the connecting rod on the cylinder walls while the piston pin also known as wrist pin or
gudgeon pin is used to link the piston with the connecting rod.

Figure2:Pistonheads(a)Flathead(b)Concavehead(b)ConvexPiston(Silvaetal., 2013)



Several investigations in recent times have been focused on the use of agro-wastes for compositesproduction.
This in turn, helps to reduce waste disposal and result in cost effective materials production. Some of the
agro-reinforcement materials reported in literature include periwinkle shell ash, beans pod ash, egg shell ash,
sugar cane bagasse, palm oil fuel ash, palm kernel ash, rice waste ash, coconut shell ash, etc.
[3,4]. Theuseofcoconut shellparticlesinbothcarbonizedanduncarbonizedformhas alsogainedpopularity among
researchers. Donald et al. [5] reported the development and characterization of aluminum matrix composites
reinforced with carbonized coconut shell and silicon carbide particle for automobile piston
applicationinwhichthe compositesampleswere preparedusingpowdermetallurgytechniquewith 0,2,4,6, 8, and
10 wt % of reinforcement. Mechanical and thermal properties were investigated. For green
compacts,arangeof66.17-107Hv,wasobtainedforhardness,whileforsinteredcompactsthevaluesobtainedare
72.57-105.47Hv,172.25-207.61MN/m?and2.2136x10 °K'-2.5804x10 K 'forhardness,

tensile strength and coefficient of thermal expansion respectively. Microstructural examination of developed
composites materials reveals that the reinforcement particles were uniformly distributed in the base matrix
and that bonding took place between the base matrix and reinforcements after sintering.

Vetrivel et al. [1] presented the modelling and static structural analysis of an engine piston using pure
aluminium-12.5% silicon based composite material reinforced with 3% silicon carbide and 15% cenosphere
particulates subjected to consider gas pressure at 18 MPa. The piston was modelled in CATIA along with
HYPER MESH and ANSYS. The performance of the piston was compared with those made from LM26 and
A4032. The results clearly showed that the piston with aluminium MMC’s had better results than the former
materials. When compared to the conventional material the new material found to have less weight and
greater strength. Sivabalan et al. [6] designed and analyzed a ceramic matrix composites piston to check
whether the induced stresses were within the permissible limit. The method includes modelling, meshing,and
analyzing the model, created using the pro/E package, The model was translated to the finite element analysis
(FEA) package through the IGES translator. The translated model was parametrically meshed, with
boundaryandloadingconditionsapplied.ltthenwasanalyzedusingstaticanalysismodule.Fromtheresults, it was
found that the maximum deflection of the piston for composite materials was very low compared to
thatoftheexistingmaterial. ThetensilestrengthforCMCandMMCpistonswererespectively216.798 N/mm?® and
168.056 N/mm?, with deflections 0.01634 mm and 0.008149 mm for CMC and MMC pistons respectively.

2. Materialsand Method

The materialsusedinthisstudywere  aluminiumalloy6061(matrixmaterial), silicon carbideandcarbonized
coconut shell (both used as the reinforcements). Table 1 shows the chemical composition of AA6061 AHey.
Samples of the hybrid composites consisting of carbonized coconut shell particles CCS and silicon carbides
SiC werefabricated usingstircastingmethod. Thereinforcementswithaverageparticlesizesof42.3nmand

50.01 nm for SIiC and CCS respectively were used for producing different samples of the composite
containing 3, 6, 9, 12 and 15 wt% each of CCS and SiC. The equipment and method of fabrication of
composite samples are contained in the reports by Nwigbo [7] and Nwigbo and Umoru [8]. The fabricated
composite samples were characterized for density, strength, hardness and thermal conductivity in accordance
with standard test procedures.



Tablel:CompositionofAA6061

Element Si Fe Cu Mn Mg Ni Zn Ti Cr Al
Weight% 0514 0230 0.161 0.071 0960 0.010 0.015 0.031 0.103 Bal.

Design ofPiston
Indesigningapistonforl.C.engine,thefollowingpointsshouldbe takenintoconsideration(Khurmiand Gupta;—=200%)
Rr——
(i) Itshouldhaveenormousstrength towithstand thehigh gaspressure andinertiaforces
(ii) Itshouldhaveminimummassto minimizetheinertiaforces
(iii) Itshouldforman effectivegasandoil sealingofthecylinder
(iv) Itshouldprovidesufficientbearingareatopreventundue wear
(v) Itshoulddispersetheheatof combustionquicklytothecylinder walls
(vi) Itshouldhavehigh speedreciprocationwithout noise
(vii) Itshouldbeofsufficientrigidconstructiontowithstandthermalandmechanicaldistortion
(viii) Itshouldhavesufficientsupportforthepiston pin

Piston Head

Thethicknessofthepistonhead([1,),onthebasisofthestrengthtobewithstoodbythestrainingactiondue
topressureof explosioninsidetheenginecylinder isestimatedaccordingto Grashoff’sformulaisgivenby
32
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Og= (in mm) Q)

where, p is the maximum gas pressure or explosion pressure in N/mm?, D is the cylinder bore or outside
diameter of the piston in mm, and (1. is the permissible bending (tensile) stress for the material of the piston
in MPa.

On the basis of heat transfer, the thickness of the piston head should be such that the heat absorbed by the
piston due combustion of fuel is quickly transferred to the cylinder walls. Treating the piston head as a flat
circular plate, its thickness is given by Equation (2] [2].

. = )1—2.56:(*:;:7 (in mm) 2
where, H is the heat flowing through the piston head in kJ/s or wWiatts, k is the heat conductivity factor in
W/m/°C (its value is 174.75 W/m/°C for aluminium alloys), (1 is the temperature at the centre of the piston
headin°C,and( | isthetemperatureattheedgesofthepistonheadin®°C.Thetemperaturedifference (1. —[1;) and is
taken as 75°C for aluminium alloy.

Theheatflowingthroughthepistonhead(H) maybedeterminedbythe followingexpression,i.e.,

O=0x(0 0 0)xOx(H.0) (in kW) (3)
where, C is a constant representing that portion of the heat supplied to the engine which is absorbed by the
piston. Its value is usually taken as 0.05. HCV is the higher calorific value of the fuel in kJ/kg (which may be
taken as 47 x10° kJ/ kg forpetrol), mis themassofthefuel used in kg perbrakepowerpersecond, and B.P.is the
brake power of the engine per cylinder.



Piston Barrel
It is a cylindrical portion of the piston. The maximum thickness ([J3) of the piston barrel may be
obtainedfrom the following empirical relation [2];
t3=0.03D+b+4.5(mm) 4
where, b is the radial depth of piston ring groovewhich is taken as 0.4 mm larger than the radial thickness of
the piston ring ([11).

[1=[11+0.4(mm) (5)
Thus,Equation(4)maybewrittenas,
t3=0.03D+[11+4.9(mm) (6)

Thepistonwallthickness([14)towardstheopenendisdecreasedandshouldbetakenas0.2513t00.35013. In this work
[l4was taken as 0.3013

ThicknessoftheSealingPart ofthe Piston
Thethickness(s)ofthesealingpart wasestimatedaccording toPrasadetal. [9],given as:
11=0.05x% ] (7
Therefore[1=0.05x72=3.60 (]

The engine used for this work is a 4 cylinders four stroke TOYOTA, model 12V petrol engine.The engine
specifications are given in Table 2.

Table 2:Engine Specifications

PARAMETERS SYMBOLS VALUES
Engine Type Four stroke, petrol engine
Number of eylinders 4 cylinders
Bore Diameter D 72.0mm
Piston Stroke 1 77.4mm
Displacement volume X 1295 ¢cc
Compression ratio CR 9.5/1
Maximum power P 74 Kw
Maxinnum torque T 117N-m
Number of revolutions/cycle N 200 rpm

GeometricModelofPiston
The geometric piston model of Vetrivel et al. [1] was adopted using CATIA and the piston designed
according to the specification of a 4 cylinders four stroke FOY¥OTA, model 12V petrol engine (Table 2) and
design data of Equations (1 — 7) as depicted in Figure 3.
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Figure3:Geometricmodelofpiston[1]

ProductionofCar Piston

Thecompositecarpistonwascastandmachinedusingspecificationsof ToyotaModell2valveenginegiven in Table
2 and the design data. The pattern was constructed with wood, showing all the necessary cavities as indicated
in the original piston. The mould was designed in two parts (cope and drag) with a gating system which aid
the flow of the molten metal into the intrinsic cavities of the mould. Parting dust was used as the mould
release agent and it was sprayed directly on the cavities of the mould. Of the aluminium alloy, 700 g was
weighed and melted and 9 wt% each of silicon carbide and carbonized coconut shell nanoparticles was added
to the molten aluminium alloy and stirred vigorously for 2 to 3 minutes to attain a homogenous mixture. The
homogenous mixture (at 700°C) was then carefully poured into the mould cavity (at 28°C) and allowed to
solidify.After 24 hours, the casting was carefully removed from the mould with the help of chisel. The cast
piston was then machined and finished to the required dimensions.

PerformanceEvaluationoftheFabricated Nanocomposite Piston

The performance evaluation of the designed and fabricated AA6061/SiC/CCS composite piston was carried
outbycomparingitsexperimentaltestresultswiththoseofconventionalpistonandotherinvestigators. To this end, a
Toyota Model 42-valve engine shown in Figure 4, was used in carrying out the performance test following
the method adopted by Nwigbo [7] and Abba-Aji [10] in the Automotive workshop at Kenule Beeson Saro-
Wiwa Polytechnic, Bori. The engine was assembled with conventional and the fabricated AA6061/SiC/CCS
nanocomposite pistons serviced and then test run to determine its performance and effectiveness.Fuel of 100
ml (0.1 litres) was discharged into the fuel chamber using a calibrated glass cylinder then the engine was
allowed to run until the fuel in the chamber was consumed. This process was repeated two more times with
200 ml (0.2 litres) and 300 ml (0.3 litres) of fuel respectively. The duration of fuel consumption in each case
was  recorded. The  fuel  consumption  per  kilowatt  hour of the  fabricated
AA6061/SiC/CCSnanocompositepistonandtheconventionalstandardpistonwasestimatedusing Equation (8)
[10].
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Figure4:

Polytechnic, Bori, 2021)

3. ResultsandDiscussion
PerformanceEvaluationoftheFabricated Piston

Figure 5 shows a cast composite piston produced, using the optimum composite after a comparative analysis
of the properties of the various composite samples. The results of the piston design, performance test and
computational analysis aregivenin Table4 and Figures 6 and 7. Theaveragefuel consumption oftheengine
was0.00701litres/lkWh,0.00642litres/k Whand0.00583litres/kWhwithconventionalpiston,thatof Abba-Aji [10]
and the present work respectively. The performance tests showed that the engine fuel consumption when
using the developed hybrid AA6061/SiC/CCS piston was lower than that of regular pistons, resulting in a
16.83% savings in fuel consumption when compared with the conventional piston, leading to lower running
costs. Similar trend was observed with that of Abba-Aji [10] who reported an8.41% savings in fuel
consumption with the use of AMC piston on the same car model in a similar test. Hence, the replacement of
the conventional piston material with hybrid aluminium nanocomposite gave improved strength, minimize
weight, reduce induced stresses in the structure and enhance fuel consumption economy.



Figure5:Castnanocompositepistons Table
3:Piston design output

S/N Parameters DesignOutput [mm]
1 Pistonheadthickness 4.00
2 Pistonringradial thickness 2.45
3 Pistonradialdepth 3.00
4 Pistonbarrel thickness 951
5 Pistonwallthickness 3.00
6 Thicknessofsealing part 3.60
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Figure7:Enginefuel consumption duration

Validation ofResults
Thepropertiesofaluminiumalloy6061reinforced withnanoparticlesofcarbonizedcoconutshell andsilicon
carbide, along with generic values, results obtained by Abba-Aji [10], Donald et al. [5] andSivaramakrishnan
et al. [11] are presented in Table 4. Comparing the obtained properties of prepared composite material with
that of the generic material and those of other authors for piston application shows that the obtained values
are within acceptable range of generic properties of piston materials.

Table4:Comparison ofobtainedwithgenericpistonmaterialpropertiesandpreviousresearch

SIN Authors Ultimate Yield Hardness Density Thermal
Tensile Strength[MPa] [Hv] [g/cm®] | Conductivity
Strength[MPa] W/mk
1 Generic 180 — 230 140 - 200 95 - 135 2-3 205 - 215
2 Basealloy 162.6 135.5 78.75 2.72 151 - 202
3 Abba-Aji(2021) 200.77 196.77 53=60.15 2.66 172
4 Donaldetal.,(2018) 172.25 - 207 182.8 64.97 — 115 2.71 221 -225
5 Sivaramakrishnaet al., 199 196 66 — 105 2.78 120
(2019)
6 Presentwork 176 — 249 175 - 231 81-95 2.49 167 —184.2
4. Conclusion

The hybrid AA6061/SiC/CCS nanocomposite was successfully produced by stir casting method, characterized and
applied for fabrication of automotive use. The effect of reinforcement weight fraction on the properties of the
developed nanocomposite was also investigated. From the analysis of results obtained during this study, the
following conclusions were made:

(i) The stir casting method can be successfully used to fabricate the AA6061/SiC/carbonized coconut shell
nanocomposite pistons for automotive application

(ii) Theaveragefuelconsumptionoftheengineusingthefabricatedpiston,wasfoundtobe  0.00701 litres/kWh,
resulting in a 16.83% savings in fuel consumption when compared with the conventional piston.

(iii) Thedensityofthedesignedpistonmaterialreducedsignificantlyby8.5%ofthedensityofthebasealloy, resulting
in efficient fuel saving.

(iv) Thedevelopednanocompositecouldbe suitableforautomotiveandaerospaceapplications.
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