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Abstract

:

Nitrogen–oxygen sensors are pivotal for NOX emission detection, and they have been designed as key components in vehicles’ exhaust systems. However, severe thermal stress concentrations during thermal cycling in the sensors create knotty structural damage issues, which are inevitable during the frequent start–stop events of the vehicles. Herein, to illustrate the effect of thermal concentration on a sensor’s structure, we simulated the temperature and stress field of a sensor through finite element analysis. The failure modes of the sensor based on the multilayer structure model were analyzed. Our simulation indicated that the thermal deformation and stress of the sensors increased significantly when the heating temperature in the sensors increased from 200 to 800 °C. High stress regions were located at the joint between the layers and the right angle of the air chamber. These results are consistent with the sensor failure locations that were observed by SEM, and the sensor’s failures mainly manifested in the form of cracks and delamination. The results suggest that both the multilayer interfaces and the shape of the air chamber could be optimized to reduce the thermal stress concentrations of the sensors. It is beneficial to improve the reliability of the sensor under thermal cycling operation.
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1. Introduction


In recent years, the high level of nitrogen oxides (NOx) in the atmosphere has raised serious concerns, because NOx can cause severe injuries and trigger respiratory diseases such as asthma and cardiovascular diseases after inhalation [1,2,3]. To reduce NOX emission, automotive industries have applied different strategies over the past two decades, and significant developments have been devoted to refining vehicle emission systems. As key modules, nitrogen sensors monitor the concentration of certain gases, such as NO and NO2, emitted by fuel combustions [4,5,6]. When the NOx emission concentration surpasses a critical value, the nitrogen–oxygen sensor will send spontaneous feedback to the electronic fuel injection system to adjust the fuel–air ratio; therefore, NOx emissions can be reduced [7,8].



Among all the nitrogen–oxygen sensors, solid electrolyte nitrogen–oxygen sensors are the most popular because of their excellent stability and responsive performance at high temperatures. The structure of these sensors usually includes a zirconia based O2− conductor electrolyte with a sensitive electrode and a reference electrode arranged on its two sides [9]. When both NOx (NO or NO2) and O2 exist in the test atmosphere, the following electrochemical reactions will take place:



In a NO and O2 atmosphere:



Sensitive electrode:


NO + O2− = NO2 + 2e−



(1)







Reference electrode:


   1 2     O 2  + 2  e −  =  O  2 −    



(2)







In a NO2 and O2 atmosphere:



Sensitive electrode:


NO2 + 2e− = NO + O2−



(3)







Reference electrode:


   O  2 −   =  1 2     O 2  + 2  e −   



(4)







The O2− involved in these reactions will migrate through the electrolytes and produce a responsive potential that can convert the NOx concentration signal to an electrical signal [10,11]. Reactions (2) and (4) indicate that the nitrogen–oxygen sensor exhibits opposite response potential signals when detecting NO and NO2, because O2− moves in the opposite direction: the sensor produces a positive potential signal when detecting NO2 and a negative potential signal when detecting NO. Thus, it is feasible for the sensor to differentiate NO and NO2 concentrations.



In order to obtain a more responsive performance, it is important to improve the O2− conductivity of the ZrO2-based electrolyte. As a response, a small amount of Y2O3 is proposed to be doped into ZrO2 to form a cubic structure, called yittria-stabilized zirconia (YSZ) [12,13], as well to replace Zr4+ with lower valence Y3+, creating abundant oxygen vacancies that effectively improves the O2− conductivity of YSZ. On account of the advantages, the YSZ-based electrochemical cell has been broadly applied in solid oxide fuel cells (SOFCs) [14,15,16,17]. Similar to SOFCs in multilayer structures and materials systems, planar-type NOx sensors are fabricated by tape casting, screen printing, and high-temperature sintering techniques sequentially, which consist of multifarious ceramic layers and metallic electrodes [18]. NOx sensors usually operate at high temperatures, because YSZ electrolytes can only meet the O2− conductivity requirements at temperatures higher than 600 °C [19]. Integrated planar NOx sensors have been designed consisting of the heating and sensing regions that can achieve rapid signal response. However, such designs also increase the fracture probability of sensors at working condition, especially on the thermal cycling operation [20].



Usually, a gradual temperature field is inevitable for the heat transfer process from the engine to the sensors, which is generated from combustion reactions. Accordingly, uneven thermal stress distribution is generated on the multilayer ceramics inside of the sensor during the heating process. Not only could this thermal stress crack the ceramics, it can also cause other structural damage and deactivate the sensors. Currently, most studies focus on novel materials and the structural design of the sensors [21,22,23], and few reports exist on the mechanical properties and structural strength, especially when the sensors are experiencing thermal cycles [24]. Therefore, it is necessary to investigate the thermal matching properties of each layer in NOx sensors at high temperatures. However, it is hard to characterize these properties or stress states in such tiny devices. Finite element analysis (FEA) provides an effective method to simulate real physical systems using mathematical approximations, and it can be applied to various complex shapes with high calculation accuracy. A.H. Elsheikh used FEA to verify the thermal effects on the deflection and stresses in thin-walled workpieces [25]. M. Ahmadein adopted FEA as a standard to evaluate their simulation results, which were performed to obtain the relationship between diversified thermo-physical properties and the heat transfer process [26]. Both of them achieved good agreement between the experimental and numerical results. In this paper, the thermal stress FEA program was used by introducing the structural parameters of a planar NOx sensor, and the effect of heating temperature on the thermal stress distribution was revealed, which provides solid theoretical support and sheds light onto better structural designs and functional optimizations for future NOx sensors. Based on the numerical simulation results, it can predict the type and location of the defect of the sensor under thermal cycling operation.




2. Experimental


2.1. Structure of the NOx Sensor


In this study, we selected a typical planar NOx sensor that consisted of a sensing and heating region for further temperature and stress analyses. Figure 1 shows the multilayer structure of the tested NOx sensor. The eight-wire structure was composed of a main pump, auxiliary pump, measuring pump, and heating circuit. The rectangular ceramic-based NOx sensor, with a 45 mm length and a 4 mm width, was fabricated with 8 layers of components, including the sensitive electrode—1; ZrO2 functional layer—1; sensitive electrode—2; ZrO2 air flow layer; sensitive electrode—3; ZrO2 functional layer—2; Al2O3 insulating layer—1; heating circuit layer; Al2O3 insulating layer—2.




2.2. Modeling and Mesh Generation


The tested model was built with 5 layers: (1) Al2O3 insulating layer, length × width × thickness = 45 mm × 4 mm × 60 μm; (2) the Pt heating circuit, length × width × thickness = 40 mm × 3 mm × 15 μm, which located in the middle of the Al2O3 insulating layer; (3) ZrO2 functional layer—1, length × width × thickness = 45 mm × 4 mm × 0.4 mm; (4) ZrO2 air flow layer, length × width × thickness = 45 mm × 4 mm × 0.4 mm and chamber structure of 0.4 mm × 2 mm; (5) ZrO2 functional layer—2, length × width × thickness = 45 mm × 4 mm × 0.4 mm. It should be noted that the sensitive electrode layer with a thickness of 5 μm in the NOx sensor was not taken into account in the simulation to simplify the calculations. Additionally, because the NOx sensor has a highly symmetrical structure, the model was constructed to only one-quarter of the actual volume to shorten the computational time. The simplified model and related mesh generation of the NOx sensor are presented in Figure 2. The mesh size was 0.02 mm. With a total number of 120,000 grids and 510,000 nodes, different layers were labeled in different colors: ZrO2—blue; Al2O3—purple; Pt heating circuit—red.



The finite element analysis was conducted using ANSYS R16.0 software. The grid model was first built with SOLID 70 units to generate a general approximation for the temperature distribution. It was assumed that the sensor was in a steady-state temperature field, and the Pt electrode was the internal heat source. The following equations were obtained:


     ∂ 2  T   ∂  x 2     +     ∂ 2  T   ∂  y 2     +     ∂ 2  T   ∂  z 2     +   Q K  = 0  



(5)




where T is temperature; x, y, and z are the coordinates; K is the thermal conductivity; Q is the amount of heat generated by the internal heat source per unit volume. For the multilayered composite structure, the thermal conductivity in the plane (directions: x and y) and z-axis direction can be solved as:


   K  x , y     =    k 1   d 1     + k   2   d 2     + k   3   d 3     d 1     + d   2     + d   3     



(6)






   K z  =    d 1    +  d 2  +  d 3     d 1    /    k 1  +  d 2    /    k 2    +  d 3    /    k 3     



(7)




where k1, k2, and k3 are the thermal conductivities of Pt, Al2O3, and YSZ; d1, d2, and d3 are the thicknesses of the corresponding layers. Then, the adopted unit was transformed into SOLID 185, with which the thermal stress distribution could be analyzed based on the temperature distribution results. Assuming that no bending strain was in the multilayer structure sensor, the thermal stress of each layer can be expressed as:


σi = Ei (εi − αi ∆T)/(1 − vi)



(8)




where σi and εi represent the thermal stress and strain of layer i; Ei is Young’s modulus; vi is the Poisson ratio of the corresponding material; αi is the expansion coefficient. After meshing the generations of the model, all layers in contact with air were set as convective heat transfer surfaces.




2.3. Boundary Conditions and Parameters


To simply the initial computation, the NOx sensor model was assumed to be in an adiabatic state; therefore, the heat dissipation of Pt heating circuit was not taken into consideration. Because of the highly symmetrical structure of the NOx sensor, the model was only one-quarter of the actual structure, symmetrical boundary conditions were applied on both sides of the model to provide better approximation. It was assumed that the ambient temperature and Pt heating circuit temperature were constant; then, the natural boundary conditions between the environment and the sensor can be expressed as:


−K (gradT · n) = Q − h (T − T0) − λμ (T4 − T04)



(9)




where n is the unit normal vector of the heat transfer surface; h is the convective heat transfer coefficient, which was set at 25 W/(m2 K); T0 is the ambient temperature, and it was set at 20 °C; λ is the thermal emissivity rate, and it was set at 0.4; μ is the Stefan–Boltzmann constant, μ = 5.67 × 10−11 mW/(mm2 K).



When determining the stress field distribution, the equations include thermal stress (σ) and thermal strain (ε). It was assumed that there was no bending strain in the sensor; thus, the resultant stress of the multilayer structure was 0 and the boundary condition can be written as:


    ∑    i = 1   n   Ei   ( ε i   −   α i    Δ  T )   /   ( 1   −   vi ) =    0  



(10)







With a broad temperature range for the thermal expansion coefficient that varied from the ambient temperature to 800 °C, the physical properties of the ZrO2, Al2O3, and Pt heating circuit used in the numerical simulations are illustrated in Table 1.




2.4. Micromorphology Observation


The samples for the cross-sectional SEM characterization were embedded in Buhler epoxide and polished by a Buhler automatic polisher. The samples were observed by SEM (Quanta 200, FEI, Eindhoven, The Netherlands) with an energy dissipation spectrum (EDS) attachment. The X-ray micro CT (Zeiss XRM Xradia 520 Versa, Oberkochen, Germany), with a point resolution of 0.9 μm, was also used for defect observations in the samples.





3. Results and Discussions


3.1. Temperature and Thermal Stress Distribution Based on Numerical Simulation


The related temperature distribution under different heating temperatures was calculated to simulate the thermal stress distribution in the NOx sensor operation. Due to the frequent engine starts and stops, the NOx sensors usually work in wide temperature ranges. To better approximate such operational environments, multiple temperature points were selected to simulate the thermal fields. Figure 3a–d represent the temperature distributions of the Pt heating circuit at four different temperatures, ranging from 200 to 800 °C. It could be found that the temperature near the Pt heating circuit was very close to the heating temperature, and there existed a distinct temperature gradient along the direction toward the sensor tip, shown as the dark blue position in Figure 3. The temperature gradient was found to increase gradually with the increase in the heating temperature, and the lowest temperatures for each heating temperature were 178.6, 350.4, 529.5, and 705 °C at the end of the sensor. Additionally, the highest temperature points were located at the Pt heating circuit in the testing, which was attributed to the relatively high thermal conductivity. It was obvious that the temperature of the Pt heating circuit increased more rapidly than that of the ZrO2 layer during the heating process. These results are coincident to the results reported in the literature by David Teyen Huang [24].



Similarly, the temperature gradients between layers were observed to be relatively smaller in the testing sensor. Figure 4 shows a 2D plot of the temperature gradients at sensor cross-sections, and uniform temperature distributions were observed except at several joint regions. This result indicated that the heat was evenly conducted inside of the sensor, which was probably determined by the structure and location of the Pt heating circuit. Considering that the Pt heating circuit was thin, with a thickness of 15 μm, it had a relatively wide surface of 3 × 40 mm, and the heat could rapidly transfer from metallic Pt to adjacent ceramic layers owing to the large conducting area. However, steep temperature gradients were found to be located at the junctions between the Pt electrode and the ceramic layers, shown as the light blue parts of Figure 4. This implies that the interfaces between the layers will delay heat transfer. The maximum temperature gradients at the sensor cross-sections were 13.229, 28.348, 43.467, and 58.586 °C/mm at the heating temperatures of 200, 400, 600, and 800 °C respectively.



Derived from the simulating temperature distribution results, Figure 5a–d represent the thermal deformation of the Pt heating circuit at 200, 400, 600, and 800 °C, which demonstrate the thermal deformation of the NOx sensor at the selected heating temperatures. It was observed that the thermal deformation presented a gradient distribution along the length direction of the sensor, represented by the direction of the arrow. The maximum thermal deformation position was coincident with the lowest temperature region. The maximum thermal deformations of the sensors were determined as 0.0389, 0.084, 0.129, and 0.174 mm corresponding to the heating temperatures 200, 400, 600, and 800 °C, respectively. Based on these results, it was found that maximum thermal deformation increased with the increase in heating temperature. Therefore, it could be concluded that the thermal deformation was correlated with the temperature gradient in the sensor.



Figure 6 shows the thermal stress distributions of an NOx sensor under heating temperatures ranging from 200 to 800 °C. When the temperature was between 200 and 600 °C, the maximum thermal stresses were located at the connection between the left and right ends of the Pt heating circuit and the Al2O3 layer; however, when the temperature increased to 800 °C, the maximum thermal stress shifted to the interface between the Al2O3 layer and the ZrO2 layer. At the selected heating temperatures, the maximum thermal stresses were observed as 141, 274, 407, and 540 MPa, respectively. Due to the higher thermal conductivity and thermal expansion coefficient of the Pt heating circuit, it was concluded that the high stress gradient was generated between the Pt heating circuit and the Al2O3 layer. During the heating process, the Pt heating circuit exhibited faster heating rates, resulting in obvious thermal volume expansion compared with the adjacent Al2O3 insulation layer. Moreover, the poor surface wettability between the metallic Pt and the ceramic Al2O3 layers also led to the weak interfacial bonding strength, increasing the probability of delamination between Pt and alumina.



The thermal stress concentration could be observed on the right-angle position of air chamber at above four simulated temperatures. The thermal stress was determined as 82.3, 177, 271, and 365 MPa with the corresponding temperatures of 200, 400, 600, and 800 °C, respectively. By comparing the temperature distributions, it was noted that the thermal stress was concentrated at the right-angle air chamber, which is usually the low-temperature and high-temperature gradient region in the sensor. As the thermal stress is proportional to the heating temperature, it was inferred that the thermal stress concentration was related to the temperature gradient in the sensor. This can be understood in that the components in the sensor are subject to temperature gradients, leading to the generation of thermal deformation in the regions with high thermal stress concentrations.




3.2. Thermal Stress Failure Analysis of NOx Sensor


To verify the numerical simulation results of temperature and thermal stress distribution of the NOx sensor, the micromorphology of the failure sample resulting from thermal stress was examined by SEM and X-ray micro CT, observing the typical failure types and locations in the tested sensor. Figure 7a,b show cross-sectional micrographs of the NOx sensors obtained by SEM and X-ray micro CT. It can be observed that the defects mainly presented in the forms of the cracks and delamination, which were found surrounding the air chamber. Furthermore, the cracks were observed at the right-angle position of air chamber, as shown in Figure 7c,d, whereas the interfacial delamination occurred at the interface between the Al2O3 layer and the ZrO2 layer, as shown in Figure 7e. These experimental results were coincident with the numerical simulation’s predictions, indicating the higher stress concentrations generated on the abovementioned regions. According to the temperature and thermal stress simulation, as well as the microstructure examination of the NOx sensor samples, it can be concluded that structural defects are more likely to occur on the right angle of the air chamber during thermal cycle operations, which could further cause structural fractures of the sensor.



It can be confirmed that thermal gradients and thermal deformation contribute to the thermal stresses, inducing the formation of defects such as cracks and interface delamination inside of the sensor. This is the main reason for the decrease in tensile stress when the sensor was operating during thermal cycling. The cracks can easily extend to the surface and lead to fracture of the sensor, because the sensor is often vibrated in a working engine. The interface delamination will block heat transfer and form a local overheating region, resulting in the generation of thermal stress concentration. Based on the above results, some manufacturing processes can be improved to reduce the structural defects and achieve higher strength reliability during thermal cycling operation such as optimizing the sinter process of multilayer ceramics to enhance the interface bonding strength between the Al2O3 layer and the ZrO2 layer/Pt heating circuit layer and applying reasonable structural treatment on the right angle of the air chamber to reduce thermal stress concentration.





4. Conclusions


In this project, we investigated the thermal stress and deformation of NOx sensors at different heating temperatures through numerical simulations. Furthermore, the failure model caused by thermal stress was confirmed by observing the location and type of the defect of the sample. The following conclusions were drawn:




	(1)

	
In the testing of NOx sensors, the temperature distribution near the Pt heating circuit was relatively uniform, and there was an obvious temperature gradient along the length direction that increased with the increase in heating temperature. In contrast, the temperature gradient along the interlayer was smaller owing to the higher heat transfer efficiency of the Pt heating circuit;




	(2)

	
The thermal deformation of the NOx sensor presented a gradient distribution along the length direction. The maximum thermal deformation location observed was consistent to that of the highest temperature gradient, which indicates that the temperature gradient had a significantly impact on the thermal deformation of the sensor;




	(3)

	
The overall thermal stress increased when the temperature increased. The maximum thermal stress was observed at the region of the Pt heating circuit and two Al2O3 layers below 600 °C, and the region changed to the interfaces between the Al2O3 layer and the ZrO2 layer when the temperature reached 800 °C;




	(4)

	
Based on the simulations and microstructural observations, most of the defects were found around the air chamber in the form of cracks and delamination, which may cause decay in the mechanical strength and localized overheating of the sensors. It can be further confirmed that the cracks mainly occurred at the right-angle position of the air chamber, while the delamination occurred between the Al2O3 and the ZrO2 layers.













Author Contributions


The following lists all authors’ names and their contributions to the manuscript: Conceptualization, J.F. and J.G.; methodology, J.F. and J.G.; software, H.S.; validation, H.S.; formal analysis, J.F. and J.G.; investigation, J.F. and J.G.; resources, T.Z., B.C. and J.P.; data curation, J.F. and J.G.; writing—original draft preparation, J.F., J.G. and H.S.; writing—review and editing, T.Z., B.C. and J.P.; visualization, J.F. and J.G.; supervision, T.Z., B.C. and J.P.; project administration, J.P.; funding acquisition, B.C. and J.P. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Science Foundation of China (grant number: 52072135).




Data Availability Statement


Not applicable.




Acknowledgments


The authors would like to thank the National Science Foundation of China for the financial support, as the works were performed under contract (52072135). Thanks should also go to the Analytical and Testing Center of Huazhong University of Science where the SEM characterizations were completed.




Conflicts of Interest


The authors declare that they have no conflict of interest to this work. We declare that we do not have any commercial or associative interest that represents a conflict of interest in connection with the work submitted.




References


	



Chen, R.; Pin, Y.; Meng, X.; Wang, L.; Liu, C.; Niu, Y. Associations between ambient nitrogen dioxide and daily cause-specific mortality. Epidemiology 2018, 29, 482–489. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, S.; Liu, S.; Sun, Y.; Liu, Y.; Beazley, R.; Hou, X. Assessing NO2-related health effects by non-linear and linear methods on a national level. Sci. Total Environ. 2020, 744, 140909. [Google Scholar] [CrossRef] [PubMed]

	



Khomenko, S.; Cirach, M.; Pereira-Barboza, E.; Mueller, N.; Barrera-Gómez, J.; Rojas-Rueda, D. Premature mortality due to air pollution in European cities: A health impact assessment. Lancet. Planet Health 2021, 5, e121–e134. [Google Scholar] [CrossRef]

	



Rood, S.; Eslava, S.; Manigrasso, A.; Bannister, C. Recent advances in gasoline three-way catalyst formulation: A review. Proc. Inst. Mech. Eng. Part. D J. Automob. Eng. 2020, 234, 936–949. [Google Scholar] [CrossRef]

	



Deng, B.; Li, Q.; Chen, Y.; Li, M.; Liu, A.; Ran, J. The effect of air/fuel ratio on the CO and NOx emissions for a twin-spark motorcycle gasoline engine under wide range of operating conditions. Energy 2019, 169, 1202–1213. [Google Scholar] [CrossRef]

	



Shimizu, Y.; Nakano, H.; Takase, S.; Song, J.H. Solid electrolyte impedancemetric NOx sensor attached with zeolite receptor. Sens. Actuators B Chem. 2018, 264, 177–183. [Google Scholar] [CrossRef]

	



Zaporozhets, A. Analysis of control system of fuel combustion in boilers with oxygen sensor. Period. Polytech. Mech. Eng. 2019, 64, 241–248. [Google Scholar] [CrossRef]

	



Cirera, A.; López-Gándara, C.; Ramos, F.M. YSZ-based oxygen sensors and the use of nanomaterials: A review from classical models to current trends. J. Sens. 2009, 2009, 258489. [Google Scholar] [CrossRef]

	



Miura, N.; Jin, H.; Wama, R.; Nakakubo, S.; Elumalai, P.; Plashnitsa, V. Novel solid-state manganese oxide-based reference electrode for YSZ-based oxygen sensors. Sens. Actuators B Chem. 2011, 152, 261–266. [Google Scholar] [CrossRef]

	



Yoo, Y.-S.; Bhardwaj, A.; Hong, J.-W.; Im, H.-N.; Song, S.-J. Sensing Performance of a YSZ-Based Electrochemical NO2 Sensor Using Nanocomposite Electrodes. J. Electrochem. Soc. 2019, 166, B799–B804. [Google Scholar] [CrossRef]

	



Song, S.-W.; Martin, L.P.; Glass, R.S.; Murray, E.P.; Visser, J.H.; Soltis, R.E. Aging Studies of Sr-Doped LaCrO3/YSZ/Pt Cells for an Electrochemical NOx Sensor. J. Electrochem. Soc. 2006, 153, H171. [Google Scholar] [CrossRef]

	



Catlow, C.R.A.; Chadwick, A.V.; Greaves, G.N.; Moroney, L.M. EXAFS Study of Yttria-Stabilized Zirconia. J. Am. Ceram. Soc. 1986, 69, 272–277. [Google Scholar] [CrossRef]

	



Kurumada, M.; Hara, H.; Iguchi, E. Oxygen vacancies contributing to intragranular electrical conduction of yttria-stabilized zirconia (YSZ) ceramics. Acta Mater. 2005, 53, 4839–4846. [Google Scholar] [CrossRef]

	



Kukk, F.; Möller, P.; Kanarbik, R.; Nurk, G. Study of Long-Term Stability of Ni-Zr0.92Y0.08O2−δ|Zr0.92Y0.08O2−δ|Ce0.9Gd0.1O2−δ |Pr0.6Sr0.4CoO3−δ at SOFC and SOEC Mode. Energies 2021, 14, 824. [Google Scholar] [CrossRef]

	



Fang, X.; Zhu, J.; Lin, Z. Effects of electrode composition and thickness on the mechanical performance of a solid oxide fuel cell. Energies 2018, 11, 1735. [Google Scholar] [CrossRef]

	



Han, M.; Tang, X.; Yin, H.; Peng, S. Fabrication, microstructure and properties of a YSZ electrolyte for SOFCs. J. Power Sources 2007, 165, 757–763. [Google Scholar] [CrossRef]

	



Ikeda, H.; Iio, A.; Anggraini, S.A.; Miura, N. Impedancemetric YSZ-based oxygen sensor using BaFeO3 sensing-electrode. Sens. Actuators B Chem. 2017, 243, 279–282. [Google Scholar] [CrossRef]

	



Wang, J.; Yan, D.; Pu, J.; Chi, B.; Jian, L. Fabrication and performance evaluation of planar solid oxide fuel cell with large active reaction area. Int. J. Hydrogen Energy 2011, 36, 7234–7239. [Google Scholar] [CrossRef]

	



Ahamer, C.; Opitz, A.K.; Rupp, G.M.; Fleig, J. Revisiting the Temperature Dependent Ionic Conductivity of Yttria Stabilized Zirconia (YSZ). J. Electrochem. Soc. 2017, 164, F790–F803. [Google Scholar] [CrossRef]

	



Pan, J.; Yang, J.; Yan, D.; Pu, J.; Chi, B.; Li, J. Effect of thermal cycling on durability of a solid oxide fuel cell stack with external manifold structure. Int. J. Hydrogen Energy 2020, 45, 17927–17934. [Google Scholar] [CrossRef]

	



Bhardwaj, A.; Bae, H.; Namgung, Y.; Lim, J.; Song, S.J. Influence of sintering temperature on the physical, electrochemical and sensing properties of α-Fe2O3-SnO2 nanocomposite sensing electrode for a mixed-potential type NOx sensor. Ceram. Int. 2019, 45, 2309–2318. [Google Scholar] [CrossRef]

	



Hsiao, S.H.; Wu, J.X.; Chen, H.I. High-selectivity NOx sensors based on an Au/InGaP Schottky diode functionalized with self-assembled monolayer of alkanedithiols. Sens. Actuators B Chem. 2020, 305, 127269. [Google Scholar] [CrossRef]

	



Inaba, T.; Saji, K. Low temperature operation of thin-film limiting-current type oxygen sensor using graded-composition layer electrodes. Sens. Actuators B Chem. 2008, 129, 874–880. [Google Scholar] [CrossRef]

	



Huang, D.T. An integrated computer model for simulating electrothermo-mechanical interactions of an exhaust oxygen sensor. Finite Elem. Anal. Des. 2001, 37, 657–672. [Google Scholar] [CrossRef]

	



Elsheikh, A.H.; Guo, J.; Lee, K.-M. Thermal deflection and thermal stresses in a thin circular plate under an axisymmetry heat source. J. Therm. Stresses 2019, 42, 361–373. [Google Scholar] [CrossRef]

	



Ahmadein, M.; Elsheikh, A.H.; Alsaleh, N.A. Modeling of cooling and heat conduction in permanent mold casting process. Alex. Eng. J. 2021, 61, 1757–1768. [Google Scholar] [CrossRef]








[image: Energies 15 02799 g001 550] 





Figure 1. The planar nitrogen–oxygen sensor: (a) schematic structure via an exploded view of the sensor; (b) outside view of the two sides of the sensor. 
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Figure 2. The quarter simplified model and related mesh generation of the nitrogen–oxygen sensor. 
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Figure 3. Temperature distribution of the nitrogen–oxygen sensors at different heating temperatures: (a) 200; (b) 400; (c) 600; (d) 800 °C. 
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Figure 4. Temperature gradients at cross–sections of the nitrogen–oxygen sensors at different heating temperatures: (a) 200; (b) 400; (c) 600; (d) 800 °C. 
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Figure 5. Thermal deformation distribution of the nitrogen–oxygen sensors under different heating temperatures: (a) 200; (b) 400; (c) 600; (d) 800 °C. 
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Figure 6. Thermal stress distribution of the nitrogen–oxygen sensors under different heating temperatures: (a) 200; (b) 400; (c) 600; (d) 800 °C. 
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Figure 7. Micromorphology of nitrogen–oxygen sensors including SEM images (a) and X-ray micro CT image (b) of a cross-sectional view; cracks at the right-angle position of the air chamber (c,d); delamination position between the Al2O3 layer and the ZrO2 layer (e). 
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Table 1. Physical parameter settings of YSZ, Al2O3, and Pt heating circuit for numerical simulation.
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	Parameters
	YSZ
	Al2O3
	Metallic Pt





	Elastic modulus (GPa)
	210
	350
	169



	Bending strength (MPa)
	1100
	2500
	922



	Density (g/cm3)
	6.00
	3.85
	21.45



	Coefficient of thermal expansion (K−1)
	10 × 10−6
	8.2 × 10−6
	9 × 10−6



	Thermal conductivity (W/(m·K))
	22.0
	25.0
	71.4



	Poisson ratio
	0.30
	0.23
	0.39
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