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[bookmark: _Toc61390671]1 Introduction
Piston is the "heart" of automobile engine. It bears alternating mechanical load and thermal load. It is one of the key parts in the engine with the worst working conditions. The main function of the piston is that the top of the piston transmits the gas pressure to the connecting rod through the piston pin to drive the crankshaft to rotate; the piston ring and ring groove are used for sealing and heat conduction; the surface of the piston skirt ensures that the piston moves up and down along the cylinder smoothly without sticking; the top surface and the cylinder head form a combustion chamber to provide gas combustion space. Failure analysis of components, especially when these components are very critical, is essential for ensuring the advanced nature of components for future use. Piston failure will directly lead to engine failure, so the analysis of piston failure is very important for piston design, manufacture and engine repair[1].
Piston is an important part of the engine, which plays a decisive role in the performance of the engine. Piston failure will lead to the failure of the whole engine. This paper mainly analyzes the typical failure of different parts of the piston and how to take measures to avoid the failure.














[bookmark: _Toc61390672]2 Piston Failure
Piston is a reciprocating part in the cylinder block of automobile engine. The basic structure of piston can be divided into top, head and skirt. The top of the piston is the main part of the combustion chamber, and its shape is related to the type of combustion chamber selected. Flat top piston is widely used in gasoline engine, which has the advantage of small heat absorbing area. There are many kinds of pits on the top of the piston of diesel engine. The shape, position and size of the pits must meet the requirements of mixture formation and combustion.
[bookmark: _Toc61390673]2.1 Common Failure Causes of Piston
When the engine works, the crankshaft rotates to drive the connecting rod to swing, and the piston reciprocates. The volume of cylinder head, piston top and cylinder changes periodically, so as to realize the working process of air intake, compression, combustion and exhaust. Piston damage is the most common serious fault of engine, which has a strong correlation with combustion, cooling and lubrication, fuel supply and other aspects[2].
The common causes of piston failure are: high cycle fatigue failure, coupled stress under thermal load and mechanical load leading to piston failure, material characteristics change leading to failure, corrosion of high temperature gas leading to piston failure, high temperature creep affecting piston failure, severe impact between piston friction pairs and severe friction and wear leading to piston failure.
In general, the failure of piston is caused by the interaction of many factors (mechanical load, thermal load, material performance change, poor lubrication conditions, etc.). The engine piston bears the impact load, and it is easy to cause the piston failure under long cycle.
[bookmark: _Toc61390674]2.1.1 Typical Failure of Piston Head
Piston top burning: in the actual operation process of the engine, a small amount of fuel will accumulate in the piston head. Under the action of high temperature, if it can not burn, it will form carbon deposition. The thermal conductivity of carbon deposit is poor, which leads to the rapid rise of temperature near the carbon deposit on the piston head, and then ablates the aluminum alloy material there. The burning position will accumulate more carbon, so that the piston will have serious aluminum block falling off.
Piston top cracking: in the actual operation process of the engine, the piston bears mechanical load and thermal load, and the temperature does not change uniformly along the axis, resulting in continuous expansion and contraction of piston material. Periodic expansion and contraction of the piston require high strength and anti fatigue characteristics. Through the analysis of the piston structure, the stress concentration is easy to occur at the inflection point of the throat of the piston combustion chamber. Under the influence of structure and external environment, cracks appear on the top of piston.
Mechanical damage on the top of piston: metal and organic hard particles often appear in the engine oil. These particles may come from the new or repaired internal combustion engine which is not fully cleaned, or from the inevitable internal combustion engine wear particles (especially in the running in period), or from the air in all channels connected with the atmosphere in the internal combustion engine. These particles may enter the cylinder, strike the combustion chamber and cause small pits, and the valve head may hit the top of the piston and cause piston damage.
[bookmark: _Toc61390675]2.1.2 Typical Failure of Piston Skirt
Piston pin seat hole cracking: in the actual operation process of the engine, there is oil film support between the piston pin seat hole and the piston pin, which is a suspended fit. If the oil supply is insufficient or the piston pin is stuck, the oil film will be damaged and the piston pin seat hole will crack.
[bookmark: _Toc61390676]2.1.3 Cylinder Pulling
The piston moves back and forth in the cylinder bore, but there is a gap between the outer diameter of the piston head and the inner diameter of the cylinder bore. There is interference fit between piston ring and cylinder bore. Therefore, the piston does not move up and down in the cylinder bore, but the skirt is inclined to one side, the piston ring is fixed at the top, and there is a certain angle between the piston and the centerline of the cylinder bore. Under the condition of high temperature and high explosion pressure, the piston does high-speed reciprocating motion; if the lubrication condition is not good, the piston skirt is easy to be rubbed by small particles, dust, or metal impurities in the oil passage caused by the internal uncleanness of the cylinder bore, thus leaving scratches on the skirt[3].
[bookmark: _Toc61390677]2.2 Factors to Be Considered in Design
[bookmark: _Toc61390678]2.2.1 Fuel Used in Engine
In recent years, new fuels such as methanol, ethanol and natural gas have emerged. In the future, the fuel of internal combustion engine will be more and more diversified. Internal combustion engine needs to automatically detect the fuel type and adjust the operating parameters to adapt to different fuels. Piston suppliers need to study the combustion characteristics of various fuels and their effects on piston temperature, friction and wear, fatigue strength, corrosion, etc., and develop targeted internal combustion engine pistons that can adapt to multiple fuels at the same time[4].
[bookmark: _Toc61390679]2.2.2 Materials Used
At present, in addition to aluminum silicon alloy, there are also cast iron, aluminum matrix composites, ceramics and so on. Different materials should be used according to different situations.[5]
[bookmark: _Toc61390680]2.2.3 Lightweight
When the speed of gasoline engine reaches 7000 R / min, the maximum inertia force produced by reciprocating motion of piston is more than 2000 times of its own mass. Inertia force must be overcome in the working process of internal combustion engine[6]. Piston inertia force will not only cause extra fuel consumption and threaten the safety of piston itself, but also cause abnormal vibration of gasoline engine, produce adverse load on related components and cause bearing wear and tear. Therefore, piston lightweight is very important.
[bookmark: _Toc61390681]2.2.4 Friction Work Consumption
In low and medium speed region, the friction loss of piston system accounts for about 20% of the total friction loss of gasoline engine, while in high speed region, the proportion will increase. Reducing the friction of piston system is of direct help to reduce fuel consumption[7]. There are three ways to reduce Piston Friction: reducing piston skirt area, adding wear-resistant and low friction coefficient skirt coating and increasing cylinder clearance.
[bookmark: _Toc61390682]2.2.5 One Ring Groove Protection
The first ring groove of piston contacts combustion gas directly, bears high temperature and high pressure, and contacts with upper compression ring directly to form a pair of friction pairs. At present, the upper compression ring is basically made of steel material with surface coating, and its hardness is much higher than that of aluminum alloy. Because the performance of aluminum alloy material decreases obviously at high temperature, if the first ring groove is not protected, there will be some problems such as micro welding, excessive wear and rapid wear, resulting in gas channeling, high oil consumption, low torque and reduced service life.
[bookmark: _Toc61390683]2.2.6 Cooling Oil Passage Piston
When the temperature exceeds 300 ℃, the performance of aluminum material will be significantly reduced, so the piston must consider reducing the temperature or improving the high temperature and wear resistance of key parts. If the temperature of the piston can be reduced, the strength and wear resistance of the piston can be significantly improved.
[bookmark: _Toc61390684]2.2.7 Piston Structure
With the intensification of internal combustion engine cylinder shrinkage, the piston will bear higher temperature and pressure. Higher piston temperature means greater deformation. The cylinder clearance also tends to increase. These two will significantly increase the noise and friction power consumption of the piston, which is just one of them, which shows that the structure is very important in the design of the piston.
[bookmark: _Toc61390685]2.2.8 Manufacturing Method
With more and more in-depth research on combustion and higher emission requirements, in order to achieve the ideal combustion effect, the top surface of piston becomes more and more complex. Mass production can only be completed by casting, which puts forward high requirements for casting technology.
[bookmark: _Toc61390686]2.3 Selection of Piston Materials
At present, in addition to aluminum silicon alloy, piston materials include cast iron, aluminum matrix composites, ceramics, etc. Cast iron has high density and high strength. Cast iron piston is usually processed after stamping, which is difficult to manufacture and high cost. It is mainly used in high-power diesel engine. The shape of the piston head of gasoline engine is generally complex and difficult to process[8]. At the same time, the speed of gasoline engine is generally high. In order to overcome the problem of high inertia force caused by high speed, the requirement of piston lightweight is high, so the cast iron piston has not been used in gasoline engine in batch. Al Si alloy has many advantages, such as low density, high strength, good thermal conductivity, excellent wear resistance, good casting performance, easy machining, low cost and so on.
[bookmark: _Toc61390687]2.4 Formulation of Pocess Route
First of all, it is necessary to determine the important processing surface and parts, and then determine the processing scheme according to the requirements of different surface and parts, accuracy and surface roughness. Next, the processing stages are divided according to the reasons. In this way, the processing plan of piston is drawn up.















[bookmark: _Toc61390688]3 Basic Theory of Piston
[bookmark: _Toc61390689]3.1 Functions and Working Conditions
The piston mainly bears the combustion gas pressure and makes reciprocating motion in the cylinder bore. It transfers the pressure to the small end of the connecting rod through the piston pin and drives the connecting rod to make complex mechanical motion. Through the big end of the connecting rod, it transfers the motion to the main journal of the crankshaft and makes the crankshaft rotate. The space enclosed by the valve pit at the top of the piston, the valve and the bottom of the cylinder head, and the cylinder bore is called the combustion chamber, and the corresponding gas combustion is also in this space. The piston head usually refers to the part above the piston pin seat. The piston head has a piston ring groove, and three piston rings are assembled from top to bottom. The oil ring assembly mainly plays the role of oil scraping. As the oil in the cold oil passage of the piston flows down and there is uneven lubricating oil on the surface of the cylinder bore, the oil ring assembly makes the oil film on the surface of the cylinder bore evenly distributed through oil scraping, which greatly improves the lubrication performance and heat transfer efficiency. The actual contact points between the piston and the cylinder bore include the outer side of the piston ring and the piston skirt. In order to reduce friction, the outer section of piston ring will reduce the contact area and longitudinal height as much as possible. Piston skirt usually refers to the part below the piston pin seat. Its main function: guide the piston to make reciprocating motion in the cylinder and bear the side pressure. Because there is more metal in the piston pin hole, the expansion of the piston pin seat hole is greater than that of other parts.
The working environment of piston is very bad (high temperature, high speed, high pressure and poor lubrication). It directly contacts with high temperature gas, and the temperature distribution is very uneven[9]. In the working process, the piston bears the top pressure and side pressure. Its high-speed reciprocating motion in the cylinder, the piston stroke is too short compared to this speed, so its speed and acceleration change at any time, resulting in a great inertial force, so the piston is subject to a great load. Under the condition of high temperature, the thermal deformation of the piston is serious, so that the correct fit of the piston and its related parts is damaged. In the process of high-speed movement, the sliding friction between piston skirt, piston ring and cylinder bore makes the lubrication condition between piston skirt, piston ring groove and piston ring bad, so the friction loss between piston skirt and piston ring groove is large and the wear is serious.
[bookmark: _Toc61390690]3.2 Surface Treatment
In order to improve the running in performance and working ability of the piston, various surface treatments (coatings) are carried out on the piston. The most common skirt coatings are: surface phosphating + graphite coating on the skirt, tin coating on the skirt, etc; The heat resistance of the piston top can be improved by anodizing process. By reducing the temperature and heat dissipation of the piston, the ablation crack of the piston top can be prevented. Skirt graphite coating: during the engine running in stage, there will be a small part of material wear on the piston skirt and cylinder bore surface, which is conducive to the matching in the subsequent engine running process. Graphite itself has good lubrication properties and high compressive strength. Using skirt graphite coating to make graphite adsorb on the surface of aluminum alloy under high temperature environment is conducive to the adhesion of lubricating oil to the coating surface[10]. In the initial running in, it can reduce the friction loss and the risk of cylinder pulling. Tin coating on skirt: tin coating by electrodeposition or hot dip method. Tin is soft and has good lipophilicity. Tin plating can improve the sliding performance of skirt and help piston running in. It is the most economical. Cast iron piston is widely used. Anodizing of the first ring groove and top surface of piston: put the top surface of piston in acid bath for electrolysis to form a hard film on the top surface, which has good heat resistance and low thermal conductivity. Anodizing of the first ring groove of piston can improve the wear resistance of the first ring groove.



















[bookmark: _Toc61390691]4 Comments on Failure Analysis Experiment
The following selection of several special piston part experiments for evaluation.
Mechanical fatigue failure of pin seat is one of the important failure forms of engine piston.
One is "load accelerated fatigue test", that is, a certain number of test pieces are tested according to the preset sinusoidal pressure waveform load, and the specified number of cycles are used to check whether there are cracks. The test method is used for the safety assessment of piston and piston pin in the production process.
The second is "accelerated fatigue test under step load approximation". In this test, the initial load should be selected according to the maximum explosion pressure of the engine, and then the load should be increased or decreased according to a certain frequency until the test piece approaches the specified number of cycles under the load, which is called "approaching load value", and then several batches of mechanical fatigue tests of the same kind of piston are carried out under the load[10].
The test process is relatively complex, and the second test scheme consumes more test time.
















[bookmark: _Toc61390692]5. Improvement of Process Route
Taking nodular cast iron piston ring as an example, this chapter introduces the casting defects and puts forward the solutions.
The carbon content of nodular cast iron piston ring material is about 4.9%, which belongs to eutectic composition. It is well known that after spheroidizing, the hypereutectic hot metal presents spherical graphite nuclei and grows up gradually under the cooling effect. When the temperature of hot metal drops to a certain extent, the liquid austenite layer will solidify. The carbon atoms in hot metal enter into graphite by using austenite shell to accelerate the growth of graphite. At the same time, the iron atoms disperse through the graphite interface, which increases the thickness and properties of austenite shell to a certain extent. During this operation, the carbon atoms run at a normal speed. In the process of eutectic solidification, it is difficult for carbon atoms to diffuse towards the graphite ball, and the thermal conductivity of nodular iron is much smaller than that of gray iron, and the heat dissipation is slow. Only by increasing the undercooling degree can the graphite ball be expanded. From the beginning of solidification to the stop, the temperature range is wide, and there is still liquid on the surface of casting after solidification[11]. From the actual situation, the internal part of the whole casting presents paste shape, which is not a completely solid shell. The eutectic transformation process of nodular cast iron can only be carried out at low temperature. It can be seen that the growth rate of this nodular cast iron is not high. Compared with the eutectic cluster, it is much finer and has no coherence. The whole cast iron section is interdependent, which is the so-called paste solidification. It can be seen from the above discussion that the solidification characteristics of nodular iron castings are not only the surface layer of castings, but also the internal solidification of castings. In this way, the channel of castings will be blocked during solidification, resulting in the casting defects of nodular iron[12].
As a kind of non-metallic inclusion, slag inclusion is mainly composed of oxides and sulfur oxides, which is more complex on the whole.
Causes: first of all, after the molten iron is treated with magnesium and rare earth, the oxide and magnesium silicate will form inclusions after the reaction of sulfur, oxygen and rare earth. The mass of the inclusion is lower than that of the molten iron. After the treatment of the spheroidized slag, if the treatment is not clean or the temperature of the molten iron is low, the inclusion will remain in the molten iron and finally form slag inclusion. Second, generally speaking, due to the reasons of magnesium itself, oxidation often occurs, so a variety of oxygen atoms will be absorbed on the surface of molten iron. As a result, when the molten iron is spheroidized, oxidation occurs and oxide film is produced. In addition, the oxide film is always in the solid-liquid condition and cannot be removed from the slag. When the molten iron stays or flows in the ladle, it constantly contacts with the outside air, thus oxidizes to form residue[13].
Process measures to prevent slag inclusion: firstly, properly reduce the mass fraction between the residual magnesium in hot metal and the sulfur content in the original hot metal. This is because the combination of internal magnesium and sulfur will increase the conjunctive temperature of hot metal oxide film. When the pouring temperature is consistent, the mass fraction of residual magnesium and the sulfur content in the original hot metal will be increased, which increases the risk of slag inclusion to a certain extent seriousness. Then, to ensure the adequacy of the residual rare earth content, because the rare earth itself can reduce the conjunctival temperature of the oxide film, if the excessive residual rare earth content, the graphite shape will be solidified. Finally, keep the pouring temperature in a reasonable range, because the oxide film itself gradually thickens with the decrease of hot metal temperature, so the slag inclusion will be obvious[14].




















[bookmark: _Toc61390693]6. Conclusion
In this paper, the basic failure forms of piston are introduced, and the appropriate design considerations, material selection and process route are described in detail. Considering the theoretical engineering principles related to piston, the surface treatment of piston is introduced, and the related experiments are evaluated. Finally, the improvement measures of process route are put forward.
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