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Pistons undergo many forces and stresses while in operation that can often lead to the mechanical failure of the component. Whilst designing a piston it is imperative to take these forces into account and select a material strong enough to withstand all engine loads. The material must be able to withstand combustion temperatures, forces and high inertia values without failing. Due to this, pistons have been subject to intense research over the years in an attempt to improve their efficiency and lifespan via the use of various materials, elemental additives and coatings.

Additionally, frictional forces through the piston rings and skirt to cylinder lining account for approximately 40-50% of all parasitic engine losses (Gore. M, 2014). This frictional contact can quickly degrade the piston material if inadequately prevented against. Prevention measures such as oil are used to provide lubrication between these surfaces, however, additional design features such as a thicker skirt on the compression side are common. These thicker skirts are often treated with alloys/composites to reduce the friction coefficient and therefore scuffing against the cylinder linings. 

This report focuses on the material analysis for piston composition and the advantages and disadvantages that ensues with material choices. The target audience for the piston is the car community, aimed at the spirited driver who desires an increase of performance over stock parts, however part longevity is a major requirement.
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An article from the Brookland Gazette in 1925 portrays the gaining interest in aluminium alloys at the time for high-speed internal combustion (IC) engines. It states that aluminium ore was insufficient for pistons due to its low melting point and insufficient strength of around 13000 lbs per square inch (90MPa). However, they recognised that introducing the raw material to 1.7% of impurities such as carbon, silicon, zinc, and iron that this could be increased to 20000 lbs per square inch (138MPa).

It was also noted that although aluminium has a lower Youngs modulus of  psi (68 GPa) compared to cast irons 20 psi (137 GPa). Although potentially disadvantageous due to less yield strength, it allows aluminium to have a higher elastic region where the material would return to its original shape rather than fracture. This fracture point, however, could potentially happen if the piston were constructed from the more brittle cast iron. This higher elastic region could improve the lifespan of the piston by preventing destructive deformation. 

Finally, the article states that the main advantage of aluminium presents itself in its strength to weight ratio. When comparing two beams of the same dimensions, one of cast iron and one of aluminium, the latter weighs approximately two and a half times less than the former. This means that, if necessary, over twice the amount of aluminium can be used in piston construction and solidification compared to cast iron, yet the weight would remain the same. Adversely, if two identical pistons were manufactured from cast iron and aluminium respectively, the latter would be two and a half times lighter, proving extremely beneficial to weight saving and efficiency due to less rotational inertia forces.
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Although aluminium alloys were in production throughout the early 1900’s, significant advancements in modern technology have allowed for higher quality addition of elements within a material. This addition of elements produces a new composite, referred to as a Metal Matrix Composite (MMC). These processes enhance the original aluminium’s properties via the use of secondary, high-performance materials. This is beneficial with piston design as it utilises aluminium’s low-density whilst improving its strength, hardness, and thermal dissipation abilities (Alvant, 2018).

To support this, an experiment conducted by Y.Zhanwei in 2014 displays the difference in Youngs Modulus between standard aluminium versus a 15% SiC reinforced aluminium. To produce the test Aluminium, Silicon Carbide (SiC) particles were mixed in with the raw aluminium and hot extruded under a compression ratio of 9.8:1 at 773 degrees Kelvin. After testing it was found that the Youngs Modulus increased from 70 GPa to 96.2 GPa and that the materials resistance to thermal expansion increased along with rigidity.

Silicon Carbide reinforced pistons are split into 3 groups: Hypoeutectic, eutectic and hypereutectic. Hypoeutectic pistons contain <12% Silicon content which means that the silicon fully dissolves into the aluminium. At around 12%, the aluminium becomes saturated with the silicon (known as the saturation point) and the material is referred to as eutectic. Hypereutectic is where the aluminium contains >12% silicon. At this stage the aluminium can’t absorb anymore silicon, so an excess is created, increasing the hardness and scuff resistance of the piston. This excess also provides greater resistance to thermal expansion meaning that pistons can be manufactured to tighter tolerances, improving efficiency as well as performance (Toyota, 2022). 
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During the combustion stroke of the engine, the force of igniting fuel pushes the piston down the cylinder bore with great force. During this process, an angle is created between the con rod and the crankshaft, resulting in an unwanted horizontal force between the piston and the cylinder liner. This horizontal force pushes the piston skirt into the cylinder liner, generating a frictional force which would otherwise quickly degrade an untreated alloy. To prevent this degradation, a hardened coating is applied to the piston skirt to reduce the friction between these components. This coating is applied once the initial manufacturing of the piston is complete and will increase part longevity. (MS Motor Ser vice International GmbH, 2010)

An experiment conducted in 1999 by Y.Wang and S. Tung demonstrated that a coating of tin PVD provided additional scuff protection for both the piston and liner. It was proved, however, that the material was still abrasive which caused significant wear to both components. A material combination of Nickel, Phosphate and Boron-Nitride, however, inflicted significantly less damage to the components. To expand, electroless Ni-P-BN produced a wear depth <2µm on both the skirt and liner, whereas Tin PVD produced wear between 8µm on the skirt and 10µm on the liner.

To apply this coating, the material is lowered into a regularly monitored chemical bath. This applies the plating at a chosen rate between 5 and 25 microns per hour. This process is favourable as it increases the components hardness, corrosive, and frictional resistance uniformly across the entire surface, regardless of complexity (Fredericks, n.d.).
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Cast pistons have been used in vehicles for decades due to the mass production potential and low machining required, therefore reducing costs. They come standard in most automotive vehicles today, however, there are a variety of casting methods that will influence the performance vs cost. The main types are:

· Sand cast
· Die cast
· Powder metallurgy cast

Sand cast is the process of pouring molten metal into a sand cast mold and letting it set. Once the part has set, it requires very little machining due to the accuracy and intricacy of the mold. This allows for a fast manufacturing process resulting in a cheaper part. These parts are usually weaker however as air/debris can become trapped within the mold and form weak points. 

Die casting works on the same principle, however, the molten metal is injected into the mold under high pressures, compressing the metal into the steel mold. This method provides the same qualities of sand casting except for additional strength. This is due to the metal being injected into the mold at high pressures, aligning the molecules, and therefore providing additional strength to the material with fewer weak spots. 

Powder metallurgy casting is the quickest manufacturing process. It involves mixing the desired elements together in powder form, dropping the powder into a mold and compressing it. The result is a very weak part that can be broken under hand strength. To resolve this, the parts are sintered at a heat below their melting point to essentially heat treat the material. This solidifies the part and increases the strength to a point suitable for use. Although quick, this method is only suitable for particular parts as the mold lacks the ability to form intricate details.
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Forging greatly increase a parts strength and allows it to endure higher compression ratios, higher boost pressures and higher heat loadings. Because of this, forged pistons are often found in the performance motorsport sector where the piston requirements are much more demanding. 

The forging process revolves around heating a metal billet with the same dimensions as the desired piston, before compressing it into a mold via a high-pressure press. The press pressure can often exceed 500 tonnes. This process aligns the material’s atomic structure into a uniform flow, increasing its strength and durability. Once completed, the piston must then undergo substantial machining to produce the intricacies of piston rings and valve cut-outs. Due to this, the process takes longer and is more expensive.
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As previously stated, the requirements of the material are finely balanced between performance and component longevity. Considering the performance aspect, the material would require a low thermal expansion, yet high heat dissipation to prevent seizing at high temperatures. It would also need to be lightweight to reduce the reciprocating mass and, therefore, the large inertia forces induced by high RPM. Finally, the material would need to be strong and hard enough to withstand the compression forces created during the ignition cycle of the engine. 

Aluminium 2618 and aluminium 4032 are known within the sector for their high tensile strength and thermal properties. Aluminium 2618 allows for increased malleability which is beneficial for high loads or stress applications however the additional silicon content in Aluminium 4032 provides greater durability with a lower density. The main benefit of aluminium 4032, as previously stated, is that it has an increased resistance to thermal; expansion, meaning tighter manufacturing tolerances can be applied, leading to an increase in performance due to the reduction of an unknown expansion factor when designing the piston (Smithshp.com, 2019).

Based on the previous research, a suitable material choice for this piston should be a 12% silicon eutectic aluminium 4032 piston with a NiPBN skirt to reduce cylinder damage. This will meet the low density, high resistance, corrosion resistance and low thermal expansion requirements for a piston of this application. This piston should be forged as the additional strength and performance benefits to the consumer will outweigh the higher cost incurred by this manufacturing process. 
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This report has summarised the findings of various material properties that can be applied to a performance piston. Aluminium alloys were studied and showed that altering the ratio of composites such as silicon and copper have a drastic effect on the elasticity, rigidity, and heat dissipation of a piston. Research was conducted into the piston manufacturing processes, defining the differences between casting and forging. Each process was found to further modify the characteristics of the chosen alloy through the redistribution of the molecular bonds within the material. As a result of the findings, the material selected for the piston was aluminium 4032. This piston would be forged as research showed that this process would further strengthen Al-4032 by uniformly aligning the molecules because of the extreme pressure applied. The piston was finished with a skirt coating of Nickel, Phosphate, Boron-Nitride to further improve strength, hardness, and scuff resistant properties. To conclude, a more expensive alloy was selected alongside the forging process which would produce a piston with desirable performance traits which would incur a premium when sold to the select audience. 
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