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ABSTRACT 

         Generally piston is made of Al Alloy which is a crucial part in internal combustion 

engines. When the combustion of fuel takes place in heavy diesel engine cylinder, high 

temperature and pressure will be developed because the engine will run at high speed and at 

high loads. This results in producing high thermal and structural stresses in the piston and if 

these stresses exceed the designed values, the failure of the piston is the result. To avoid the 

failure of the piston, intensity of thermal and structural stresses production should be reduced 

to the safe allowable limits. In this work an attempt is made to reduce the intensity of thermal 

and structural stresses by using the ceramic material Silicon Nitride as the material for piston 

crown (the top portion of the piston).As the crown material is brittle in nature and skirt 

material is ductile in nature. A ceramic reinforced fiber strip was introduced in between 

ceramic crown and Al alloy skirt to avoid failure of the ceramic crown due to its brittle nature 

when it is subjected to impact loads that are result of explosion of combustion gases. In this 

work Eutectic Al Alloy (Si 11-13%) was taken as piston material. Initially thermal and 

structural analysis was performed on Al Alloy piston without silicon nitride crown and then 

with silicon nitride crown using the software ANSYS. Then the results obtained are 

compared. The comparison of results indicated that the piston which is arranged by silicon 

nitride crown is better to withstand high thermal and structural stresses than the piston which 

is not arranged by silicon nitride crown. Because when the piston is arranged by ceramic 

crown the maximum stress intensity is 226 N/mm
2
, this is within the design value of 240 

N/mm
2
.but the maximum stress intensity in the piston without arranged by ceramic crown is 

278 N/mm
2
 this is exceeded the design value. Similarly when the piston is arranged by 

ceramic crown the temperature distribution is 317
0
C only whereas when the piston is without 

arranged by ceramic crown the temperature distribution is 601
0
C. 

Keywords: Diesel engine, Al Alloy, Silicon Nitride, Ansys Workbench, crown, skirt. 

___________________________________________________________________________ 

1.0 INTRODUCTION 

   Compared to traditional aluminium alloys, aluminium alloy matrix composites reinforced 

with ceramic particles have better stiffness,   creep   resistance   and   wear   resistance.   They   

find application   first   of   all   in   the   automotive   industry.   The construction of vehicles 

is a discipline in which both economical and ecological aspects are of essential importance. 

One of the design criteria is the endeavour to reduce the structure's weight and thus, to reduce 

fuel consumption. Composites produced at an industrial scale are used for manufacturing of 

cylinder sleeves, pistons, brake drums and disks. Research on the prospects for composite 

materials    development    in    combustion    engines,    especially regarding the materials 

intended for pistons, was undertaken also in Polish research and scientific centres. The 

today's interest in AMMCs results from a number of their creative properties, which can be 
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designed through a proper selection of reinforcing components and technological parameters. 

The modern material intended for pistons should be first of all characterized by: 

♦ Proper thermal expansion and conductivity; 

♦ Resistance to thermal shock; 

♦ good tribological properties; 

♦ Advantageous mechanical properties, in particular fatigue strength; 

♦ Appropriate hardness; 

♦ Low density and capacity for vibration damping. 

Composite pistons are most often obtained through squeeze casting. They are made 

from aluminium alloys reinforced with ceramic particles throughout the product’s volume or 

locally. In case of local reinforcement, ceramic inserts or premoulds made of whiskers or 

short fibres are used. For the manufacture of locally reinforced pistons, metal pressure 

infiltration of a preheated pre mould is applied. 

However, implementation of new materials into production frequently meets barriers 

connected with high costs of the existing process lines adaptation or necessitates the 

installation of new facilities in a production line.  Since composites belong to materials 

difficult to machine, they require a special selection of machining tools. From this point of 

view, the liquid-phase technologies of composites production and their forming via casting 

methods belong to the cheapest manufacturing methods and seem to be easier to implement. 

Obtaining a stable composite suspension requires meeting the conditions in which the 

ceramics will be wetted through liquid metal, thus enabling the   achieving   of   a   permanent   

bonding   on   the   reinforcing phase/matrix boundary. In the composites’ production process 

via mechanical stirring, the following factors are important: matrix alloy's preparation 

(refining, alloy’s composition modification), ceramic particles’ preparation (chemical 

preparation, thermal treatment) and the intensity of stirring the suspension. The 

homogenization conditions are decisive as regards a uniform distribution of the ceramic 

reinforcement throughout the liquid metal's volume, which translates to the composite 

material structure formed in the casting process. Some disadvantageous phenomena 

connected with ceramic particles’ sedimentation, floatation or agglomeration, may result in 

changed castability of a suspension and make it difficult, or in some cases even make it 

impossible, to form the product via casting methods. The above-mentioned phenomena also 

affect composite material’s solidification and crystallization. Moreover, they are the main 

reason for porosity occurrence in a cast, which has an adverse effect on mechanical 

properties, including reduced corrosion resistance of a composite. 

        
Figure.1:  Cast iron piston 

with mould feeder  

Figure.2: Bottom part 

of piston 

Figure.3:   View of 

piston after machining 

process 

 

2.0 DESIGN CONSIDERATIONS FOR A PISTON 

Piston should have enormous strength to withstand high gas pressure and inertia 

forces in addition to disperse the heat of combustion quickly to the cylinder walls. It should 
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provide sufficient bearing area to prevent undue wear in addition to having sufficient support 

foe the piston pin. And also it should have sufficient rigid construction to withstand thermal 

and mechanical distortion in addition to it acts as effective sealing to the gases not to 

escaping from combustion chamber. 

2.1 Composition and properties of piston skirt and crown materials 

The material for conventional piston has been chosen as Eutectic Al Alloy. It is also 

material for skirt when the piston arranged by ceramic crown. Generally in this material 

aluminium is the main component with range from 74.4-79.6.in addition to main component 

aluminium it consists of copper 4.5%, ferrous 1.5%, silicon 12%, Magnesium 0.5 % and 

remaining consists of other impurities.  

 

Table.1 Relevant mechanical and thermal properties of Aluminium Eutectic Alloy  

Poisson Ratio 0.33 

Modulus of Elasticity /GPa 81.2 

Density at 20ºC / (kg/m3) 2730 

Thermal Conductivity at 25ºC /(W/m K) 136.5 

Thermal Expansion Coefficient (100-300ºC)/(1/ºC) 18.0E-06 - 22.5E-06 

Specific Heat Capacity at 100ºC /(J/kg K) 963 

Ultimate Tensile Strength at 25ºC /MPa 280 

Yield Tensile Strength at 25ºC /MPa 240 

Fatigue Tensile Strength (5e8 cycles R.R Moore Test) /MPa 110 

2.2 SILICON NITRIDE (Si3N4): 

The material for crown portion has been taken as ceramic material Silicon Nitride. 

The mechanical and thermal properties of silicon nitride have been mentioned below. 

  Table .2: Mechanical and thermal properties of Silicon Nitride 

 

 

 

 

 

 

 

 

 

 

 

3.0 MODELLING AND FINITE ELEMENT ANALYSIS 

  To create the model we applied some geometric features like the skirt area, top land 

height, pin diameter or filets radius were some of the parameters were took from Piaggio 

company ltd .To create our model we used Pro-e 4.0. The model is then imported  to  ANSYS  

Workbench  Simulation,  where  after  the  definition  of  boundary conditions and types of 

Poisson Ratio 0.23 

Specific Heat 682-800 

Modulus of Elasticity /GPa 317 

Density at 20ºC / (kg/m3) 3310 

Thermal Conductivity at 25ºC 

/(W/m K) 
30 

Thermal Expansion Coefficient 

(100-300ºC)/(1/ºC) 
3.3 
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contacts, stress, temperature and deformations distributions in the piston are calculated. 

Initially conventional piston (Al Alloy piston) model was prepared then ceramic crown piston 

model was prepared using modelling software Pro-e 4.0  

 

.   

 

     Figure.4:  Conventional piston model                Figure.5:  Ceramic crown piston 

 

    The basic model for the ceramic piston is shown in fig. Silicon Nitride remaining material 

is aluminum. However due to the large difference in the thermal expansion coefficient 

between Silicon Nitride and Aluminum alloys. There will be complex metal ceramic bonding 

and attachment problem. In order to overcome this problem, ceramic fiber washer is 

introduced, which provides a flexible support to the above piston cup attachment and casting 

technology has been applied.  

3.1 Boundary Conditions 

Generally in combustion chamber due to Explosion of gases, pressure will be applied on the 

surface of the piston. That pressure force will be taken as mechanical load applying on the 

piston and same will be taken as Boundary condition in structural analysis using Ansys 

workbench. 

                       Pressure acting on piston = 3.5 N/mm
2
 

       
Figure.6:  Boundary conditions for 

conventional piston      

  Figure.7:  Boundary conditions for 

ceramic crown piston

 

Fixed support has given at surface of pin hole. Because the piston will move from 

TDC to BDC with the help of fixed support at pin hole. So whatever the load is applying on 

piston due to gas explosion that force causes to failure of piston pin (inducing bending 

stresses). 
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3.2 Thermal boundary conditions  

The thermal boundary conditions consist of applying a convection heat transfer 

coefficient and the bulk temperature, and they are applied to the piston crown, piston ring 

land sides, piston skirt. 

                   Bulk temperature = 682
0
c 

Heat transfer coefficient on piston surface = 2724 W/m
2
k 

Heat transfer coefficient on ring lands and piston skirt = 91 W/m
2
k 

 

     
 

Figure.8:  Thermal boundary conditions 

of ceramic crown piston 

 Figure.9:  conditions of conventional 

piston 

 

Table.3:  stress distribution using numerical approach 

 

 

 

 

 

 

 

4.0 RESULTS AND DISCUSSIONS 
 

  Initially, Analysis of temperature distribution and stress distribution has done on Al 

alloy piston .later the same analysis has done on ceramic crown head piston. 

 4.1 Structural analysis  

  When, Structural analysis have done on piston using Numerical Approach the bending 

stress induced in piston pin is 278 N/mm
2
.When, Same analysis have done using FEA with 

the help of ANSYS Software the bending stress induced in piston pin is 267 N/mm
2
. 

 When comparing above two results, we can say that ANSYS Software validated. 

Then to reduce intensity of stress distribution in piston, an attempt has been made in 

replacing the Al alloy crown with ceramic material (Silicon Nitride). While analysis has done 

on ceramic crown piston the distribution of stress is 226 N/mm
2
.From above results we can 

conclude that stress distribution is low in ceramic crown piston. It means ceramic crown can 

withstand the stresses inducing in piston rather than Aluminium Alloy crown. Because the 

parameter Al piston Ceramic piston 

load 3.5 N/mm
2
 3.5 N/mm

2
 

stress 278 N/mm
2
 226 N/mm

2
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ceramic material is having high strength than Al alloy material. So we can say that intensity 

of stress has been reduced. 

 

Figure.10:stress distribution in al alloy 

piston  

Figure.11:stress distribution in 

ceramic crown piston

 Table.4: stress distribution using Ansys 

 

 

 

 

4.2 Thermal analysis 

When, thermal Analysis have done on Al alloy piston using Numerical Approach the 

temperature distribution is 601
0
c.When, Same analysis have done using FEA in ANSYS 

Software the temperature distribution is 611
0
c. 

Temperature distribution in ceramic crown using numerical approach is 317
0
c.Temperature 

distribution in ceramic crown using FEA in ANSYS Software is 344
0
c. 

           From above results we can say that ANSYS Software is validated. To reduce the 

intensity of thermal stresses we should reduce the temperature distribution. That is why to 

reduce the temperature distribution an attempt has been made in replacing the al alloy crown 

with ceramic crown. While analysis have done on ceramic crown, temperature distribution is 

317
0
c.from this result we can conclude that temperature distribution is low in ceramic crown 

(Silicon Nitride) when compared to Al Alloy crown. It means ceramic material can withstand 

high temperatures rather than al alloy. Because of its low thermal conductivity, low thermal 

expansion coefficient, and high heat resistance 

 

                          

parameter Al piston Ceramic crown piston 

load 3.5N/mm
2
 3.5N/mm

2
 

stress 267N/mm
2
 226 N/mm

2
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Table.5: temperature distribution using numerical approach 

parameter Al piston Ceramic crown piston 

Max temp 682
0
 682

0
 

Temp distribution 601
0
 317

0
 

 

  Table.6: temperature distribution using Ansys 

Parameter  Al piston Ceramic crown piston 

Max temp 682 
0
C 682

0
C 

Temp distribution 611
0
C 344

0
C 

 

 

Figure.12: temperature distribution in al 

alloy piston  

Figure.13: temperature distribution in 

ceramic                crown piston 

5.0 CONCLUSIONS 

          The result of this paper shows that stress distribution and temperature distribution in 

silicon nitride crown piston is 226 N/mm
2
, 317

0
C respectively. Whereas in the piston without 

silicon nitride crowns the stress and temperature distribution is 278 N/mm
2
, 601

0
C 

respectively. It means stress and temperature distributions have been reduced in piston which 

is arranged by ceramic crown. So that the intensity of structural stresses and thermal stresses 

has been reduced.Apart of reducing intensity of stresses, we can improve the wear resistance 

of piston while it is reciprocating in cylinder. Heat loss through piston will be reduced; it 

means thermal efficiency will be increased. 
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