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Abstract

:

Due to special working conditions, diesel engines often need to run stably for a long time at high power operating conditions. As the core of diesel engine moving parts, the piston needs to be exposed to high temperature for a long time. Based on the problem of excessive piston temperature at the maximum power point of a certain type of diesel engine, this paper discussed the protective effect of using different thicknesses of Mullite thermal barrier coating on the top surface of the piston, by using the method of hardness plug temperature measurement and three-dimensional simulation. When the thickness of the ceramic coating was increased from 0.2 to 0.7 mm, the maximum temperature of the piston seat decreased from 358.6 to 338.9 °C. This showed that the use of Mullite thermal barrier coating could reduce the working temperature of the aluminum alloy piston at the maximum load operating point, and greatly improve the reliability of engine components.
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1. Introduction


As a kind of self-ignition engine, diesel engines have high temperature and pressure in the cylinder. This leads to the harsh working conditions of some important components. Among them, the piston is always in contact with high-temperature gas and undertakes a high heat load. At the same time, diesel engines are developing in the direction of high-power density and low fuel consumption because of the continuous improvement of engine performance requirements. For diesel engines, reducing heat loss can effectively improve thermal efficiency. However, lower thermal loss means higher temperature and pressure in the combustion chamber, which makes the piston and other components bear higher thermal loads [1]. The larger thermal load can easily cause piston failure, so it is important to reduce the thermal load of pistons and other components while improving thermal efficiency.



Many studies have shown that the TBC system can effectively reduce the heat load of substrate materials and increase thermal efficiency [2,3,4]. Coating of the diesel engine piston is a common application for the TBC system, and it can insulate the piston crown. Then, the heat lost through the piston, could effectively reduce the piston heat load. The coating is a ceramic-based material with low thermal conductivity and high strength, and can withstand higher temperatures than the piston substrate. The positive impact of coating is also reflected in the reduction of fuel consumption and emissions [5].



The traditional double-layer structure thermal barrier coating (TBC) usually consists of a ceramic topcoat and a metallic bond coat. The bond coat material is an intermetallic alloy that aids in the better adhesion of the ceramic topcoat and substrate, due to its moderate expansion coefficient. Oxidation resistance at high temperatures effectively reduces the internal stress between the ceramic coating and the substrate [6,7,8]. The ceramic topcoat has a much lower thermal conductivity than the substrate, so it can effectively separate the heat in the combustion chamber. Therefore, the temperature of the piston substrate is significantly reduced, which improves the reliability of the piston. At the same time, increase in the chamber temperature improves its thermal efficiency.



YSZ coating is widely used in the leaves of gas turbines, due to its excellent performance, and many researchers have applied the YSZ coating on the diesel engine [9,10,11]. However, compared with the gas turbine, the repeated thermal cycling in a diesel engine makes the YSZ coating more likely to crack, and then accelerates the oxidation of the bond coat, which eventually causes the coating to fail [12]. Therefore, it is important to find a coating material which is suitable for diesel engines. Scholars have found that Mullite coating has better performance in diesel engines. K. Kokini [13] studied the stress relaxation of Zirconia coating and Mullite coating. Results showed that the stress relaxation behavior of Zirconia coating causes stretch stress during cooling. On the contrary, Mullite coating could significantly reduce the stress relaxation behavior, so that the stress does not develop during cooling, which effectively reduces the possibility of surface cracks. P Ramaswamy [14] evaluated the durability of YPSZ coatings and Mullite coating. After 500 h of engine test, the results showed that Mullite coating has stronger resistance to microcracking. T. M. Yonushonis [15] evaluated the lifetime of different coatings through single-cylinder engine tests. The test results showed that the durability of Mullite coating is significantly better than Zirconia coating. Kanwal, Sonup [16] investigated the corrosion behavior of Mullite coating. In this study, the coating had no cracks after 20 cycles of cyclic oxidation at 700 °C. Ramaswamy, P [17] conducted thermal shock tests on Mullite coating. The coating was intact when shocked from 1000 °C. By observing scanning electron microscopy pictures, it was found that the bond coat had no further oxidization, which indicated that Mullite coating is suitable for working conditions of repeated thermal cycling in a diesel engine.



This article selected Mullite coating as more suitable for diesel engines. Mullite coating not only has good thermal insulation, but also has higher reliability than YSZ coating. Figure 1 shows the scanning electron microscope picture of Mullite coating and 8YSZ coating. Compared with 8YSZ coating, Mullite coating had less pores. In previous research, the relationship between the thickness of Mullite coating and temperature distribution has had little research. However, this work is crucial to the choice of thickness and the development of coatings. Therefore, a static thermal analysis was performed on conventional piston and uncoated piston through ANSYS. As shown in Figure 2, the piston model used in the simulation was an aluminum alloy diesel piston. In this study, the temperature distributions were obtained and studied when changing the thickness of Mullite coating.




2. Methodology


ANSYS Workbench was used to perform steady state thermal analysis. The steps of the piston analysis follow.



2.1. Modeling


Since it is directly impacted by high-temperature gas, the piston needs to have high strength and rigidity. The traditional cast iron piston has high strength and rigidity, but it cannot meet lightweight design requirements because of its high density. The piston used in this study was made of aluminum alloy, which has high strength and lower density. The material of the piston ring was cast iron. It can be seen from Figure 1 that the piston had evenly arranged temp-plugs, and these temp-plugs measured the temperature value of the piston at the torque point. Due to the symmetry of the piston, the model can be simplified to a quarter. At the same time, the small structure and the chamfer that had less influence on the analysis were ignored. The simplified model is shown in Figure 3, and the names of each area are showed in Table 1. The piston model with the thickness of the coating at 0.2 mm is shown in Figure 4.




2.2. Material Properties


TBC is a material with a lower thermal conductivity, which can separate a large amount of heat, thereby reducing the piston heat load. Mullite has a lot of potential as a TBC material. It has low density, low thermal conductivity and high thermal stability. It is suitable for diesel pistons [14]. The coating thickness of Mullite was 0.2, 0.3, 0.5, 0.7, 0.9 mm. The bond coat was high-temperature alloy, which, in this study, was NiCrAlY. The coating thickness of NiCrAlY was 0.1 mm. Its main function is to resist high temperature oxidation and closely combine with surface ceramic coatings. All the properties of Mullite and NiCrAlY are shown in Table 2.




2.3. Meshing


The grid was divided after defining the attributes of each material. The number of model grids were determined by grid size. Too small a size causes excessive grid quantity to increase the calculation workload while excessive grid size leads to poor grid mass and reduces the accuracy of calculation. A reasonable grid size can form a grid quality that meets the requirements for calculation, so the grid of the ceramic topcoat and bond coat in this study were refined. The grid model with a thickness of 0.2 mm in coating is presented in Figure 4. A total of 15,203,305 elements and 3,708,552 nodes were used.




2.4. Boundary Conditions


The actual piston heat conduction is very complicated, so the thermal conductivity of the piston was simplified in this study. The simplified thermal boundary included: gas and piston top surface, piston and cooling fuel cavity, piston and cylinder liner, the bottom of the piston and splashing oil. According to the experience formula and actual measurement values, the surface thermal boundary conditions (as shown in Table 3) were calculated.



Among them, the convection coefficient and gas temperature of the piston top surface used the following two formulae [21]:


   h m  =    ∫ 0  4 π    h g   d φ    4 π    



(1)






   T m  =    ∫ 0  4 π    h g   T g   d φ     ∫ 0  4 π    h g   d φ     



(2)




where hg is the transient convection coefficient, Tg is the transient temperature of the combustion gas, hm is the equivalent convection coefficient, Tm is the equivalent temperature of the combustion gas, and φ is the crankshaft corner.



The gas temperature was calculated to be 700 °C, and the corresponding convection coefficient was 1151 W/m2 °C. The heat transfer process between the piston and the cylinder can be simplified into a thermal resistance network of multi-layer flat walls. The temperature of the fire shore was calculated to be 120 °C with a convection coefficient of 266 W/m2 °C. The temperatures of the upper, middle, and lower parts of the first ring were estimated to be 120, 115, and 110 °C, and the convection coefficients were 359, 201, 359 W/m2 °C, respectively. The temperature of the second ring was calculated to be 93 °C with a convection coefficient of 428 W/m2 °C. The temperature of the skirt was calculated to be 93 °C with a convection coefficient of 425 W/m2 °C. The bottom of the piston was cooled by the oil in the crankcase, and the convection coefficient of this part was very complex. So, it was assumed that the heat lost from the bottom of the piston was equal to the absorbed heat of oil. Then, the convection coefficient of this part was calculated to be 500 W/m2 °C. The surface temperature was oil temperature 120 °C. The oil in the cooling oil cavity was sprayed in through the oil hole, so the heat stress coefficient could be estimated through the following formula:


    cq  m  Δ  T  oil   = hA Δ  T  wall    



(3)




where qm is the quality flow of the nozzle, c is the specific heat of the oil, A is the main heat exchange area of the inner cavity, h is the heat convection coefficient, and ΔToil and ΔTwall are the temperature variations of motor oil and inner wall surfaces, respectively. The temperature of the cooling oil cavity was calculated to be 120 °C with a convection coefficient of 1800 W/m2 °C.




2.5. Validation


It was important to check the authenticity of the piston model and that the thermal boundary conditions were correct, as this determines the authenticity of subsequent simulation results. So, this article compared the simulation temperature value of the coating piston with the experimental value. The temp-plug method was used to measure the temperature value by using metal materials that produce permanent hardness after heating, making it very suitable for a long-term stable system. In this study, the engine ran under the condition of the torque point because the thermal load of the piston was high under this condition. After the test, the temp-plugs were taken out and their hardness measured. Then the experimental value was obtained by the HV-T curve (see Figure 5).





3. Results and Discussion


This article has systematically discussed the results of a static thermal analysis of a conventional piston and coating piston. Figure 6 shows the temperature distribution of the conventional piston. After analysis, the maximum temperature value was 367.34 °C, obtained at the piston’s throat mouth, and the minimum was 131.88 °C, obtained at the bottom of the piston.



Figure 7a–d shows the temperature distributions of the coated piston with the topcoat thicknesses of 0.2, 0.3, 0.5 and 0.7 mm. Results showed that the values of maximum temperature on the topcoat surface were 386, 397.1, 414.94 and 435.43 °C, respectively. As expected, the temperature of the topcoat surface increased with the thickness of the coating. This was because the thermal conductivity of ceramic materials was lower than that of aluminum alloy, which reduced the heat loss.



Similarly, Figure 8a–d shows the temperature distribution of substrate surface for the coated pistons. The results showed that the values of maximum temperature at the piston’s substrate were 358.61, 353.49, 346.29 and 338.86 °C from thicknesses of 0.2, 0.3, 0.5, and 0.7 mm ceramic coating. It was a satisfactory result that the temperature of the substrate decreased with the thickness of the coating, because the lower temperature could improve the reliability of the piston.



Figure 3 displays a path along the line OA. The relationship between the temperature of the topcoat surface and the radial distance along the path for various thicknesses of coating and for the uncoated piston are presented in Figure 9. The maximum temperature variations for coating thicknesses of 0.2, 0.3, 0.5, and 0.7 mm were 5.1%, 8.1%, and 13.0%, and 18.5% for the topcoat surface.



The relationship between the temperature of the substrate surface and the radial distance along the path can be seen in Figure 10. The maximum temperature variations for coating thicknesses of 0.2, 0.3, 0.5, and 0.7 mm were 2.4%, 3.8%, and 5.7%, and 7.8% for the substrate surface. The decrease in the temperature of the piston substrate had a positive impact on the reliability of the piston.



The maximum temperature change of coating thickness on each surface is shown in Figure 11. The maximum temperature of TC increased with the thickness of the coating, while the maximum temperature of the BC and the substrate decreased with the thickness of the coating. The temperature changes of the substrate and the BC were very close, and the temperature difference between them was less than 7 °C. Smaller temperature difference meant lower thermal stress between TC and substrate, which increased the reliability of the coating.




4. Conclusions and Future Directions


According to the results of the hardness plug in this article, it can be seen that at the maximum working load of a certain type of diesel engine, the maximum temperature of the piston combustion chamber was around 370 °C, which was close to the failure temperature of aluminum alloy. Therefore, in order to explore the reliability of aluminum alloy pistons in long-term high load operations, this article established a three-dimensional model through the finite element method. Comparing the simulation results of the piston temperature field with the measured values of the temp-pug, it was found that the error was basically within 6%, indicating that the established piston model was accurate and reliable.



Based on the above-mentioned reliable three-dimensional piston model, this study established a piston model with a double-layer structured coating with different thicknesses. Mullite was used as the thermal barrier material to improve the ability of aluminum alloy pistons to resist high temperature loads.



The results of thermal analysis of pistons with different thicknesses of Mullite coatings showed that the surface temperature of the coated pistons was significantly higher than that of conventional pistons. The top surface temperature increased further as the coating thickness increased. Compared with the uncoated piston, the maximum temperature was increased by 5.1%, 8.1%, 13.0% and 18.5%, respectively. The temperature of the piston substrate after using the thermal barrier coating was significantly lower than that of the unsprayed piston substrate, so coating the piston with Mullite coating could effectively reduce the temperature of the piston substrate and improve its ability to withstand higher thermal loads.



In addition, although this paper only studied the influence of different thicknesses of Mullite coatings on the thermal insulation effect of the piston through the method of finite element simulation, we will use the atmospheric plasma spraying method to spray Mullite ceramic powder on the top surface of the piston, and use this on the diesel engine in future work. The relevant experimental equipment bench is under construction.
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Nomenclature




	TBC
	Thermal barrier coating



	TC
	Ceramic coating



	BC
	Bond coat



	Al-Si
	Aluminum–silicon



	OA
	Curved line of the piston crown surface (mm)



	Temp-pug
	Screw made of metal material
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Figure 1. The scanning electron microscope picture of cross-sections of the coatings: (a) Mullite coating, (b) 8YPSZ coating [18]. 
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Figure 2. The piston in this study. 






Figure 2. The piston in this study.



[image: Coatings 12 01302 g002]







[image: Coatings 12 01302 g003 550] 





Figure 3. The simplified mode marked with path and boundary condition areas. 
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Figure 4. The one-quarter piston model: (a–c) the section view of refined mesh, (d) model structure diagram. 
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Figure 5. HT-V Curve. 
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Figure 6. (a) Temperature distribution of the uncoated piston (b) Errors of simulation and experimental values. 
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Figure 7. Temperature distribution of topcoat surface for various coating thicknesses: (a) 0.2 mm, (b) 0.3 mm, (c) 0.5 mm, (d) 0.7 mm. 
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Figure 8. Temperature distribution of substrate surface for various coating thicknesses: (a) 0.2 mm, (b) 0.3 mm, (c) 0.5 mm, (d) 0.7 mm. 
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Figure 9. Topcoat surface temperature distribution with coating thickness along the path distance OA. 
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Figure 10. Substrate surface temperature distribution with coating thickness along the path distance OA. 
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Figure 11. Maximum temperature distribution with the thickness of the coating. 
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Table 1. The name of each region.
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	Region
	Name





	A
	Combustion chamber



	B
	Fire shore



	C
	Upper of the first ring



	D
	Middle of the first ring



	E
	Lower of the first ring



	F
	Second ring



	G
	Piston skirt



	H
	Cooling oil cavity



	I
	The bottom of the piston
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Table 2. Material properties [19,20].
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	Material
	Thermal

Conductivity

[W/m °C]
	Thermal

Expansion

10−6 [1/°C]
	Density [kg/m3]
	Specific Heat [J/kg °C]
	Young’s Modulus [GPa]
	Poisson’s Ratio





	Piston (Al-Si alloy)
	155
	21
	2700
	960
	90
	0.3



	Rings (cast iron)
	79
	12.2
	7300
	500
	200
	0.3



	Mullite (ceramic topcoat)
	3.3
	5.3
	2750
	760
	30
	0.25



	NiCrAlY (bond coat)
	23
	17.5
	7800
	602
	156
	0.36
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Table 3. Thermal boundary conditions.






Table 3. Thermal boundary conditions.





	Region
	Temperature [°C]
	Heat Transfer Coefficient [W/m2 °C]





	A
	700
	1151



	B
	120
	266



	C
	120
	359



	D
	115
	201



	E
	110
	359



	F
	93
	428



	G
	93
	425



	H
	120
	1800



	I
	120
	500
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Unie .
i
w0
o

)

)

©

@





media/file4.png
measurement point






media/file18.png
440
420
~ 400
&)
NS
& 380
=3
+
< 360
D}
(@)
=
& 340
! , ; uncoated
320 | 0.2 mm
! — (0.3 mm
300 F — 0. 5 mm
0.7 mm
280 1 1 1 | 1 | 1 | 1 1 1 | 1 | L |

0 10 20 30 40 50 60 70 80
Path distance along OA (mm)





media/file21.jpg
Maximum temperature (°C)

440

420

400

380

360

340

—a— Topcoat
—e— Subtrate
—A— Bond coat

0.4 0.5
Coating thickness (mm)






media/file3.jpg
Temp-pug
measurement point






media/file22.png
Maximum temperature (°C)

440

420

400

380

360

340

n —#— Topcoat
—o— Subtrate
—A— Bond coat
t——‘
\.

0.2 0.3 0.4 0.5 0.6 0.7
Coating thickness (mm)






media/file19.jpg
380

360

340

320

emperature (°C)

300

280

L L L L L L L L
0 10 20 30 10 50 60 70 80

Path distance along OA(mm)






media/file7.jpg
CoramicTopeont

Prton substte





media/file10.png
HV

900

800

700

600

500

400

300

200

100

200

300

400
T/°C

500

600

700





media/file14.png
Unit: °C

386
l 367.78
349.56

331.34
313.12
294.9

276.68
258.46
240.24
222.03
203.81
185.59
167.37
149.15
130.93

397.1

378.03
358.97
339.97

. 320.85

301.79
282.72
263.66
244.6

225.54
206.48
187.41
168.35
149.29
130.23

414.94
394.54
374.14
353.74
333.34
312.93
292.53
27213
251.73
231.33
210.93
190.53
170.13
149.73
129.33

43543
413.5

391.56
369.63
347.69
325.76
303.83
281.89
259.96
238.02
216.09
194.16
172.22
150.29
128.35






media/file11.jpg
s ol :
7 Bl ’ -

o (3 . .
9 (23] .

©

103 ‘ d

(@





media/file6.png





media/file15.jpg
5861
a3
s
z8s1
212z
72
13093

@

N

240
754
2597

218
297
Tsd0z
P

®

D079
52
3

200

8
P
e
1293

©

0878
an
26
e
76
03
12835

@





nav.xhtml


  coatings-12-01302


  
    		
      coatings-12-01302
    


  




  





media/file16.png
Unit: °C
358.61
342.35

= 326.08

— 309.82

293.56

— 2773

261.03

24477

228.51

212.25

195.98

179.72

163.46

147.19

130.93

353.49
337.54
321.6
305.65
289.7
273.75
257.81
241.86
22591
209.97
194.02
178.07
162.12
146.18
130.23

mm 346.29
330.79
315.29
299.8
284.3

~ 2688

253.3

237.81

222.31

206.81

191.32

175.82

160.32

144.83

129.33

338.86
323.82
308.78
293.75
278.71
263.68
248.64
233.6

218.57
203.53
188.5

173.46
158.43
143.39
128.35






media/file2.png
|
8YSZ






media/file20.png
Temperature (°C)

380

360

340

320

300

280

‘e,
.
LT
.........
.

°°°°°°° uncoated
— (.2 mm
— (.3 mm
— 0.5 mm
0.7 mm

| 1 | 1 | L |

10

20 30 40
Path distance

50 60 70 80
along OA (mm)





media/file5.jpg





media/file1.jpg





media/file12.png
Unit; °C 12.14| 360.06 359.92| |simulation |
4 5

35052 628
3337

316.88

300.06 1
283.25

266.43

249,61

232.79

215.97

199.16

182.34

165.52

148.7

131.88

344.2
6 47
3 347.96
7 252
267.88
175
8 180.94
1495
9
125
10133.77

(a)

Error (%)

|« Error(%)]

0 2 1 6 8 10 12

Point Number

(b)





media/file9.jpg
HV

900

800

700

600

500

400

300

200

100

200

300

400
c

500

600

700





media/file0.png





media/file8.png
Ceramic Topcoat

Bond Coat

Piston Substrate

1
I
I
|
I
I
I
|
1
I
I
I
I
I
I
I
I
I
I
I
I
I
|
I
]






media/file17.jpg
Temperature (°C)

300

280

- uncoated
—— 0.2 mm
—— 0.3 mm
0.5 mm
—— 0.7 mm

L L L L L L

10

20 3 40 50 60 70
Path distance along OA(mm)

80






