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Abstract

:

In this study, thin-film thermocouples (TFTCs) were combined with a smart bolt to design a smart bolt that can directly test high temperature in service monitoring and parameter calculation for gas turbine structure design. The first-principles calculation was used to analyze the design of the surface properties of nickel-based alloys and insulating layers, and finite element analysis was used to optimize dimension parameters by controlling the thermal stress matching of insulating layers and sensitive layers. The effect of the glass powder with different particle sizes on the microstructure of the ITO and In2O3 films was studied via SEM. The preferred particle size of the additive glass powder is 400 nm. The XRD pattern shows the (222) peak has the highest intensity. The intensities of the (222) and (622) peaks increase after the heat treatment. The calibration results show that the average Seebeck coefficient of the TFTCs can reach 64.9 μV/°C at 1100 °C with a maximum voltage of 71.4 mV. The repeatability error of the cycles of the sensor after heat treatment is ±1.05%. The repeatability of the sensor is up to 98.95%. The smart bolts were tested for application in small aero engines. It can be seen that under the impact of 1000 °C, the thermal response of the prepared smart bolt is better than that of the K-type armored thermocouple, and the thermal balance is achieved faster. The intelligent bolt sensor proposed in this work has better engineering application prospects owing to its convenience of installation in harsh environments.
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1. Introduction


Temperature data have been used to represent conditions in service monitoring in high-temperature and high-pressure harsh environments and to calculate the parameters of gas turbine structures. With the advancement in the research on aero engines with high thrust-to-weight ratio, the service temperature and service duration of the combustion chamber of gas turbines operating in harsh environments have been steadily increasing [1,2]. In addition, the temperature of the inner wall of an aircraft is a key parameter for characterizing supersonic combustion. To perform high-temperature measurements [3,4], various thermal sensors (e.g., thermocouples, optical pyrometers, acoustic pyrometers, and thermal resistance sensors) have been developed. However, these thermal sensors are affected by several issues. For example, optical fibers obstruct the flow field, and real-time thermal paint measurements are not possible.



Thin-film thermocouples (TFTCs) are a novel type of microsensor based on the microelectromechanical system (MEMS) technology. TFTCs can be utilized to measure the surface temperature in situ and in real time [5,6,7,8]; furthermore, they exhibit high spatial resolution, low cost, high efficiency, fast response time [9,10], and negligible influence on the airflow [11,12,13].



The materials employed in the fabrication of TFTCs for aero-engine applications should have a high thermal stability, a high melting point, and a relatively large Seebeck coefficient. Ceramic substrates have good insulating properties in high-temperature stability, and there is no need to deposit an insulating layer between the substrate and the sensitive layer such as the positive film or negative film. In 2016, Qiang [14] prepared TFTCs on an Al2O3 substrate using Ti and Cr as transition layers. With the addition of the transition layer, the thermocouple service performance improved. Rivera [15] prepared a SiC/Pt TFTC with a large Seebeck coefficient, which however could only work below 1000 °C. Yakaboylu [16] deposited MoSi2 and WSi2-based ceramic composite thick films on Al2O3 substrates via the screen-printing technique. These films exhibited stable thermoelectric performance at 1350 °C with a peak thermoelectric voltage of 19.3 mV. In order to overcome the issues of the traditional temperature sensors in measuring the temperature of SiC-based ceramic matrix composite (CMC) engine components, Rivera [17] prepared an indium tin oxide (ITO):SiC CMC thermocouple. The thermoelectric output of this thermocouple was found to be an order of magnitude larger than that of K-type thermocouples. Zhang [18] prepared highly thermally stable W–Re (95% W/5% Re vs. 74% W/26% Re) TFTCs. The conductivity of these TFTCs was 17.1 S/m, which is approximately 15.2 times that of the W–Re sample the authors used for comparison, and the temperature time drift rate was 0.92 °C/h (at 1040 °C, over 5 h). Measurement errors can occur due to the different heat transfer rates between the ceramic substrate and the tested part, which will affect the test accuracy. On the other hand, TFTCs directly prepared on the surface of the tested part will short-circuit because the substrate material is mainly composed of Ni-based alloys. Usually, an insulating film is used to solve this problem. However, the resistivity of the insulating film is insufficient at high temperature. The thermal stress does not match due to the discrepancy in the thermal expansion coefficient between the insulating film and the sensitive layer film. Thus, the sensitive film detaches at high temperature, which is one of the major existing issues.



First-principles calculations are usually conducted to obtain information regarding the electronic structure of the interface in two films by solving the Schrodinger equation and to analyze the bonding condition and material properties of the interface. These calculations can be used to optimize the design of the surface properties of Ni-based alloys and insulating layers, thereby overcoming the issue of the thermal stress mismatch between the insulating layer and the sensitive layer. Jiang [19] elaborated a first-principles-based strategy to predict the macroscopic toughness of γ-Ni (Al)/α-Al2O3 interfaces. Ozfidan [20] studied the adhesion behavior of NiAl(110)/Al2O3(0001) interfacial thermal barrier coatings, focusing on the effects of the alloying of additives and impurity elements. Bao [21] found that Y doping significantly enhanced the tensile strength of the Ni(111)/α-Al2O3(0001) interface. However, in the research of TFTCs, the first principles are less applied to the design of material systems. In particular, when TFTCs are prepared on the surface of metal materials, an insulating layer needs to be added. The interfacial bonding will change, which increases the potential for material mismatch and performance instability at high temperatures. In this paper, a first-principles molecular model is established between the nickel-based single crystal surface and the alumina insulating layer for the first time. A qualitative study of the electronic properties was carried out to evaluate the bond strength between the alumina and the substrate.



In order to reduce the influence of sensor devices on measurements, the smart bolt concept has recently emerged as a strategy to monitor the pre-tightening force of bolts [22] and the status of bolt joints [23]. Smart bolts can directly replace the structural parts of a piece of equipment and at the same time realize the function of state testing without punching to install sensors. Traditional TFTCs need to be installed separately, which affects the operation of the equipment. We present a new smart bolt with ITO/In2O3 TFTCs and nickel-based single-crystal superalloy prepared via screen printing. Compared with WRe26/In2O3 probe-type TFTCs we published in RSI [24] (reached 93.7 mV at 700 °C and failed at higher temperature), the performance has been greatly improved. Compared with the traditional ITO/In2O3 probe based on a ceramic substrate (maximum 871 °C) [25], the maximum operating temperature has increased (1100 °C).



In this work, a TFTC is combined with a smart bolt to design a novel smart bolt that can directly test high temperatures. The density of states, population, and electron density of the interface between a Ni-based alloy substrate and an Al2O3 film were analyzed to estimate the bonding between alumina and the substrate via first-principles calculations. The thermal stress of the TFTC, Al2O3 insulating film, and Ni-based single-crystal superalloy was calculated by finite element analysis to optimize the dimensions. The effect of the glass powder with different particle sizes on the microstructure of the ITO and In2O3 films was studied via SEM. The smart bolts were tested for application in small aero engines. It can be seen that under the impact of 1000 °C, the thermal response of the prepared smart bolt is better than that of the K-type armored thermocouple, and the thermal balance is achieved faster.




2. Materials and Methods


2.1. First-Principles Calculation of Ni-Based Alloys and Insulating Layers


The high conductivity of Ni-based single-crystal superalloys will cause the TFTCs to short-circuit and fail. An insulating layer needs to be introduced between the TFTC and the Ni-based single-crystal superalloy substrate; it is essential that this insulating layer can bond strongly with the substrate to ensure that it does not detach under high-speed scouring. Considering the high degree of electrical insulation of Al2O3, this material is considered to be an excellent insulating layer.



In this work, the density of states (DOS), population, and electron density of the interface between a Ni-based alloy substrate and an Al2O3 film were analyzed. The electronic properties were studied qualitatively, including the change in the charge between atoms at the interface and atoms far away from the interface as well as the change in the number of chemical bonds between atoms at the interface, so as to estimate whether the bonding between alumina and the substrate is good. The electronic properties of the interface of this material system were investigated through first-principles calculations using the BIOVIA Materials Studio software package (Version 19.1.0.2353, 10, Rue Marcel Dassault, 78140 Vélizy-Villacoublay, France).



All calculations employed the Cambridge Sequential Total Energy Package (CASTEP) [26], which is based on the density functional theory [27]. Figure 1 illustrates the models of the crystal structure and interface of the Ni-based single-crystal superalloy substrate and Al2O3. The model was geometrically optimized using the Perdew–Burke–Enzerh (PBE) [28] functional under the generalized gradient approximation (GGA). In order to reduce the number of plane-wave basis vectors, the ultra-soft pseudo-potential (USPP) scheme [29] was used to describe the interaction potential between the real ion and the valence electrons. As shown in Figure 1a,b, the Ni-based single crystal consists of two phases, namely single-crystal Ni as the matrix phase (γ-phase) and Ni3Al (γ’-phase) as the strengthening phase, both of which exhibit the face-centered-cubic structure [30]. For the γ-phase, the kinetic energy cutoff value is 440 eV, and the number of k-point sampling grids is 12 × 12 × 12; for the γ’-phase, the kinetic energy cutoff value is 400 eV, and the number of k-point sampling grids is 8 × 8 × 8. For the alumina crystal model shown in Figure 1c, the kinetic energy cutoff value is 630 eV, and the number of k-point sampling grids is 6 × 6 × 2. O-2s2 2p4, Al-3s2 3p1, and Ni-3d8 4s2 were selected as the valence electrons of the atoms, and the Broyden–Fletcher–Goldfarb–Shannon (BFGS) method [31] was used for optimization. The precision of the self-consistent field was set to 5.0 × 10−6 eV/atom, the maximum force of each atom was less than 0.01 eV/Å, the maximum stress was 0.02 GPa, and the maximum displacement was 5.0 × 10−4 Å. The unit cell parameters and space groups before and after optimization are listed in Table 1.



For the interface model between the Ni-based single-crystal superalloy and Al2O3, as there are two phases in the Ni-based alloy, the surfaces of the Ni and Ni3Al crystals were cut. The Ni(111) and Ni3Al(111) surfaces are close-packed, the surface energies of N(111) and Ni3Al(111) are low, and the Al2O3(001) surface is close-packed. The unit cells of bulk Ni, Ni3Al, and Al2O3 are shown in Figure 1(a-c). There are two possible orientations of the interface model, namely Ni(111)/Al2O3(001) (Figure 1d,e) and Ni3Al(111)/Al2O3(001) (Figure 1f,g), and the lattice mismatch is less than 5%. There are four layers on the surfaces of Ni and Al2O3. The bottom layer of the model is the Ni surface. The two layers of atoms on the Ni surface are fixed, and the top two layers allow relaxation to occur. The actual surface situation was simulated firstly, then a 15 Å thick vacuum layer was added to the model to optimize the surface. For both the Ni(111)/Al2O3(001) and Ni3Al(111)/Al2O3(001) interface models, the kinetic energy cutoff value is 400 eV, and the number of k-point sampling grids is 8 × 8 × 8. Using the ultra-soft pseudo-potential (USPP) scheme [32], the two-point steepest descent (TPSD) method was adopted for the optimization [33]. The convergence threshold of the energy change was set to 10−5 eV/atom, the maximum force was reduced to 0.03 eV/Å, and the maximum displacement was 0.001 Å during the optimization. The contribution of the atomic interactions to the bonding strength of the interface was studied by analyzing the electronic properties of the interface. Calculated lattice parameters (a and c) of bulk Al2O3, Ni, and Ni3Al are shown in Table 1.




2.2. Finite Element Analysis (FEA) of the Thermal Stress


Considering that the film is subjected to thermal stress at high temperature and that excessive thermal stress causes the warpage and fracture of the film itself, it is necessary to control the film thickness to reduce the thermal stress. The thermal stress finite element analysis (FEA) model of the TFTC, Al2O3 insulating film, and Ni-based single-crystal superalloy was implemented using the ANSYS software package (Version 15.0, ANSYS Inc., South Pittsburgh, Pennsylvania, USA) to calculate the thermal stress for different system dimensions and temperatures. The isotropic, thermoplastic, and orthotropic behaviors of the material were considered in the FEA. The material parameters used in the model are listed in Table 2. Due to the axial symmetry of the problems described here, the original three-dimensional (3D) model was simplified to a two-dimensional (2D) model. D1, D2, and D3 are the thickness parameters of the ITO, In2O3 TFTC, and Al2O3 films, which are varied between 0.2 and 10 µm. R is the radius of curvature of the smart bolt, which is set in the range between 1 and 9 mm. The thickness of the substrate is set to 3 mm when the substrate is planar. The temperature in the calculation varies between 200 °C and 1000 °C. The material parameters are presented in Table 2. The dimensions of the system are optimized, and the thermal stress of the film is controlled through this analysis.




2.3. Sample Preparation and Measurements


The smart bolt was machined from a surface-polished Ni-based single-crystal superalloy. The Al2O3 layer was prepared through high-temperature chemical vapor deposition (CVD; ORION III, Trion, Dresden, Germany). The source solution concentration was 0.03 mol L−1, the distance from the nozzle to the substrate was 55 mm, and the voltage was 20 kV. The deposited films were kept at 800 °C for 2 h and cooled in a furnace. The ITO/In2O3 TFTCs were fabricated via the screen-printing method (LWS-3050, LIWO CO., Dongguan, China). The In2O3 and ITO powders used as thermal electrodes were bonded together using epoxy resin and polyetheramine as the binder and curing agent, respectively. α-Terpineol was used as the solvent and curing catalyst. The pastes for the screen-printing process were prepared according to the material mass ratios. The configured slurry was squeezed with a scraper through the mesh in the middle of the customized screen. The content of the glass powder additive in the preparation process was 5% of the powder mass. The electrodes were brushed several times to ensure the continuity of the thermode. After each brush coating, a heat treatment, which consisted in placing the samples on a heating plate at 160 °C for nearly 20 min, was required to ensure that the electrodes were fully cured. Finally, the Al2O3 protective layer was prepared via the screen-printing process; this layer prevents volatilization and scouring at high temperature. Subsequently, 4.08 g of aluminum isopropoxide was added to 50 mL of ethylene glycol ethyl ether; 10 mL of glacial acetic acid, polyvinyl alcohol, and a certain amount of formamide were then added to the above solution, and the reaction was continued at 70–80 °C until a clear and transparent solution was formed. The lifting speed was 500 µm/s. The solution was first left to dry at 200 °C for 1 h and then at 450 °C for 2 h; these procedures were repeated five times. Finally, the solution was heated to 900 °C. Subsequently, the leads were glued with a high-temperature conductive adhesive. The intelligent bolt structure and process flow are shown in Figure 2. The samples were characterized via scanning electron microscopy (SEM; SU-8010, Hitachi ltd., Tokyo, Japan) and X-ray diffraction (XRD; d/max-2400, Rigaku Corporation, Beijing, China). The performance of the TFTC was tested using a muffle furnace (P310, Nabertherm, Germany) with a maximum temperature of 1750 °C. Standard S-type thermocouples with a temperature range from ambient temperature to 1600 °C and standard K-type thermocouples (SAT-24 and XC-14K, OMEGA Co., Norwalk, CT, USA) were used to calibrate the temperature of the hot and the cold junctions. The output signal (i.e., the temperature of the hot and cold junctions) was recorded using a data collector (HIOKI, LR8431-30, Nagano-ke, Japan). A square-wave laser signal modulation was performed using a function generator (2200, Tektronix, Shanghai, China).





3. Results


3.1. Simulation Analysis and Design


The DOS characterizes the distribution of the electronic states in the energy space and can provide information regarding the interactions between the orbital hybridization, electronic state motion, and energy level splitting [34]. For the Ni(111)/Al2O3(001) interface, there is only one aluminum atom in the first layer on the Al2O3(001) side, two aluminum atoms in the third layer, and four O atoms in the second and fourth layers. There are four nickel atoms in the first and second layers on the Ni(111) side. The partial density of states (PDOS) is shown in Figure 3, and the vertical dashed line in the figure represents the Fermi level. The DOS of the d orbitals of the Ni(111)/Al2O3(001) interface, which is contributed to by the interface Ni atoms, is localized between −6 and 1 eV. The p orbitals are strongly delocalized mainly in the valence band region (from −8 to −1 eV) and the conduction band region above the Fermi level. The DOS of the s orbitals is mainly distributed between −20 and −17 eV. Compared with the Al atoms in the first layer (one Al atom) on the Al2O3(001) side, the PDOS of the 3p orbitals between −6 and −3 eV increases significantly compared with the Al atoms in the third layer (two Al atoms). The PDOS peaks of the O 2p orbitals on the Al2O3(001) side shift toward a lower energy, which may be caused by orbital hybridization during bonding. The PDOS peaks of the 3d orbitals of the first-layer Ni atoms on the Ni(111) side are more intense and are located at a lower energy (with a new peak appearing at −2 eV) compared with those of the second-layer Ni atoms on the Ni(111) side. The increase in the intensity of the PDOS peaks of the first layer of Ni atoms on the Ni(111) side and the first layer of Al atoms on the Al2O3(001) side and the offset of these peaks result in an increase in the PDOS overlap between −6 and −2 eV, which promotes a stronger interface bonding, and the 3d orbitals of the Ni atom are hybridized with the 3p orbitals of the Al atom. The 3d orbitals of the Ni atom partially overlap with the 3s orbitals of the Al atom in the first layer on the Al2O3(001) side, and the 3d orbitals of the Ni atom slightly overlap with the 2p orbitals of the O atom in the second layer on the Al2O3(001) side. The interfacial Ni–Al bond is the predominant contributor to the strong interfacial bonding force, while the Ni–O bond has a small effect on the enhancement of the interfacial bonding force. Total DOS (TDOS) and PDOS of the interfacial atoms in the Ni(111)/Al2O3(001) system are shown in Figure 3.



For the Ni3Al(111)/Al2O3(001) interface, one Al atom and three Ni atoms are present in the first and second layers on the Ni3Al(111) side. The PDOS is shown in Figure 4. The PDOS change on the Al2O3(001) side is similar to that of the Ni(111)/Al2O3(001) interface. The 3p orbitals of the first layer of the Al atom on the Al2O3(001) side are located between −6 and −3 eV. The PDOS peak of the 3d orbitals of the first-layer Ni atoms on the Ni3Al(111) in first layer is slightly more intense than Ni atoms on the Ni3Al(111) in second layer, and its energy shifts toward a higher value. Different from the Ni(111)/Al2O3(001) interface, the orbital shift of the Ni atoms in the first layer on the Ni3Al(111) side leads to a decrease in the overlap of the PDOS of the Ni and Al atoms, so the Ni3Al(111)/Al2O3(001) interface weakens the Ni–Al bond. The overlapping of the PDOS of the first-layer Ni atoms on the Ni3Al(111) side and the O atoms on the Al2O3(001) side mainly occurs on the right-hand side of the Fermi level, which has an inhibitory effect on the bonding of Ni and O. Total DOS and PDOS of the interfacial atoms in the Ni3Al(111)/Al2O3(001) system are shown in Figure 4.



Population analysis was used to determine the distribution of electrons in each atomic orbital. This analysis can reveal the covalent bond strength formed between the constituent atoms [35]. A larger positive value of the Mulliken overlap population indicates that the electron clouds overlap and that the covalent bond between the atoms is strong. On the other hand, a negative value indicates that the electron clouds do not overlap extensively and that the atoms are in an antibonding state [36]. The interface atom numbers are shown in Figure 5, and the Mulliken overlap populations of the chemical bonds are listed in Table 3. The Al–Ni and O–Ni bonds play a major role in determining the bonding strength of the Ni(111)/Al2O3(001) interface, and the strength of the Al–Ni bond is greater than that of the O–Ni bond. The Al–Ni bond mainly contributes to the bonding at the Ni3Al(111)/Al2O3(001) interface, and the O–Ni bond population is negative, indicating the existence of repulsive electron clouds and the lack of bonding.



The charge densities of the interfaces are shown in Figure 6 (the unit is e/Å3). The charge density of the Al atoms at the Ni(111)/Al2O3(001) and Ni3Al(111)/Al2O3(001) interfaces is much lower than that of the Ni atoms. Furthermore, the interface charges accumulate, and both interfaces are dominated by the Ni–Al bonds. The charge density of the Al atoms at the Ni(111)/Al2O3(001) and Ni3Al(111)/Al2O3(001) interfaces is much lower than that of the Ni atoms, and charge accumulation can be clearly observed at the two interfaces, which indicates that the interface is mostly composed of Al–Ni bonds. Both Ni and O atoms have high charge densities, but their electron clouds are localized around the atoms; thus, the Ni and O atoms at the interface do not form bonds.



To summarize, for the Ni(111)/Al2O3(001) interface, the 3d orbitals of the Ni atoms and the 3p orbitals of the Al atoms are hybridized, and the Mulliken overlap population of the Ni and Al atoms is relatively high. The charge density analysis reveals that charge is accumulated at the two interfaces. This indicates the formation of the Ni–Al bond, which is beneficial for interface bonding. The 3d orbitals of the Ni atom partially overlap with the 2p orbitals of the O atom, forming weaker Ni–O bonds. The Ni3Al(111)/Al2O3(001) interface is also dominated by the Ni–Al bond, but no bond is formed between the Ni and O atoms at the interface. This also shows that the Ni(111)/Al2O3(001) interface has a higher bonding strength than the Ni3Al(111)/Al2O3(001) interface. The analysis of the interface electronic structure indicates that there is a high bonding strength between the Ni-based alloy and alumina. The bonding between alumina and the substrate is good. It is feasible to use alumina as the thin-film layer in direct contact with nickel-based single-crystal superalloy for insulation.



As smart bolts are to be prepared, sensitive TFTCs need to be prepared on the surface of the aluminum oxide layer. However, the bolts have a certain curvature, and excessively high temperatures will generate thermal stress, which will cause the film to crack. It is necessary to conduct finite element calculations to determine the optimal range of sensitive film thickness parameters to reduce thermal stress. The bolt structure exhibits both planar and curved surfaces. The thermal stress of the film on the plane is analyzed first. Figure 7 shows the average thermal stress at different Al2O3 film thicknesses and temperatures. It can be seen that the thermal stress increases with the increase in temperature and D2, but it remains within the fracture strength. Thus, to guarantee high-temperature insulation, D2 should not be too small. D2 is then set to 1 µm, and the TFTC is added to calculate the average thermal stress in the TFTC at different Al2O3 film thicknesses and temperatures. It can be seen that the variation in the thermal stress in the ITO and In2O3 films is similar. When the thickness ranges from 0.2 to 10 µm, the thermal stress in the TFTC changes within a small range, which will not lead to film fracture. At the same time, as the temperature increases from 200 °C to 1000 °C, the average thermal stress increases from 470 MPa to 2 GPa, respectively. The thickness of the TFTC is preliminarily set to 1 µm for the convenience of data processing. Analogously, the thicknesses of the TFTC, Al2O3 film, and Ni-based single-crystal superalloy are all set to 1 µm. The average thermal stress is also calculated at different temperatures for a curved surface while keeping the thickness parameters constant. When R increases from 1 to 9 mm, the thermal stress of the TFTC increases from 468 to 471 MPa at 200 °C, and it reaches 455 MPa at 1000 °C. This shows that the radius of curvature has little effect on the thermal stress of the film within a certain range. Considering that the bolt diameter used in practical applications is usually 4–8 mm and that many bolts with a diameter of 6 mm are used for the hot parts of engines in actual engineering applications, we selected the smart bolt diameter of 6 mm.




3.2. Microscopic and Thermoelectric Characteristics


The particle sizes of the additive glass powder used were 37 µm, 15 µm, 4 µm, and 400 nm. The effect of the glass powder with different particle sizes on the microstructure of the ITO and In2O3 films was studied. The surface morphology of the ITO and In2O3 films for the different particle sizes was observed via SEM, as shown in Figure 8. It can be seen that the microstructure of the ITO and In2O3 films changes depending on the particle size of the glass powder used for the screen-printing process. With decreasing particle size, the holes in the ITO and In2O3 films are reduced, and the density of the films increases. In the preparation process for screen printing, the glass powder is fully mixed with ITO and In2O3 nanoparticles to form a thin film. During the high-temperature heat treatment, the glass powder melts into a liquid and wraps around the grains. If the particle size of the glass powder is larger than the ITO and In2O3 nanoparticle sizes, the original holes after the heat treatment are too large, and the liquid-phase mass transfer does not easily occur, which deteriorates the adhesion of the film. The preferred particle size of the additive glass powder is 400 nm. Better results may be obtained by continuously reducing particle size, but when the particle size reaches a small range, it will cause too low viscosity of screen-printing paste and affect the preparation of the film. The film will be hard to form.



The XRD patterns of the ITO/In2O3 thin films are shown in Figure 9. The XRD pattern of the ITO film exhibits five broad peaks located at 21.48°, 24.85°, 30.56°, 50.98°, and 57.52°, which correspond to the (211), (220), (222), (400), and (026) planes, respectively (ICDD PDF#75-1526, 71-2194). The intensities of the (211), (220), (222), and (440) peaks do not change after the heat treatment, while that of the (026) peak is enhanced after the heat treatment, indicating that (026) is the preferred growth surface of the ITO film. The XRD pattern of the In2O3 film exhibits four broad peaks located at 21.49°, 30.58°, 51.02°, and 60.66°, which correspond to the (211), (222), (440), and (622) planes, respectively (ICDD PDF#89-4595). The (222) peak has the highest intensity. The intensities of the (222) and (622) peaks increase after the heat treatment. In an air environment, the heat treatment promotes the entrance of oxygen in the film, enhances the peak intensity of the preferred growth direction, and promotes the recrystallization of the film. These results are consistent with expectations. Considering that the film in an intelligent bolt is difficult to test due to a large radius of curvature, these results were obtained by depositing the film on a flat substrate.



To obtain a more accurate fitting curve for the sensor, quintic polynomials were used to fit the output curve, shown in Figure 10a,b. Equation (1) was used to describe the thermoelectric force (EMF) behavior of the sensor. Here, V (in mV) represents the EMF; ΔT (°C) refers to the temperature difference between the hot and cold ends. Equation (1) fits the characteristic curve of the sensor from room temperature to 1100 °C well. The average Seebeck coefficient of the TFTCs can reach 64.9 μV/°C at 1100 °C with a maximum voltage of 71.4 mV.


  V   Δ T   = 3.75 ×   10    − 5    × Δ  T 2   + 0  . 0246 × Δ T − 1.011  



(1)







Under the same working conditions, the input was changed in the full range of the test in the same direction for a set period of time, and multiple output values corresponding to the same input were obtained through repeated tests. The deviations of the output value corresponding to the same input for multiple measurements provide information on the repeatability of the sensor. Furthermore, the repeatability is linked to the random error of the sensor. According to the actual probability distribution of the random error, the repeatability is represented by the corresponding standard deviation. The repeatability error is calculated as follows:


   δ R  = ±   3  σ ¯     Y  F S     × 100 %  



(2)







In Equation (2),    δ R    represents the value of the repeatability error,   σ ¯   represents the average standard deviation, and    Y  F S     represents the value of the full range output of the sensor. The standard deviation of the sensor can be calculated using the range method, that is:


  σ =  R C   



(3)







In Equation (3), C = 1.69 is the range coefficient (chosen by the number of measurement times), and R is the range, which is obtained by subtracting the minimum value obtained in the test results from the maximum value. According to the calculation results, the maximum standard deviation is 1.27 mV. The repeatability error of the sensor cycles after the heat treatment is ±1.05%. The repeatability of the sensor reaches 98.95%.



The average Seebeck coefficient reached 64.9 μV/°C at 1100 °C temperature difference, 255% larger than standard C-type (tungsten–rhenium, 18.24 µV/°C at 1100 °C) and 58.3% larger than standard K-type (NiCr-NiSi, 41.01 µV/°C at 1100 °C). Compared with WRe26/In2O3 probe-type TFTCs (reached 93.7 mV at 700 °C and failed at higher temperature) and the ITO/In2O3 probe based on a ceramic substrate (maximum 871 °C), the maximum operating temperature has increased to 1100 °C.



The response ability of the smart bolt under the impact of a methane flame was tested. An armored K-type thermocouple was installed and tested for comparison. The thermal junction was set at almost the same area (within 1 cm) to reduce the influence of uneven heating of methane flame, as shown in Figure 10c,d. Considering the size of the smart bolt and armored K-type thermocouple, the thermal junction cannot be completely in the same position. This makes the temperature values of the two tests different. The thermal nodes were subjected to two consecutive methane flame impacts. Each time, the temperature rose for about 20 s, and then heating stopped and the slow cooling stage was entered. It can be seen that under the impact of 1000 °C, the thermal response of the prepared smart bolt is better than that of the K-type armored thermocouple, and the thermal balance is achieved faster. The smart bolt was installed in a small aero engine, as shown in Figure 10e,f. The ignition was heated for about 350 s, and the total flow rate at the outlet was about 0.8 Mach. The maximum temperature during ignition was 832 °C. The smart bolt shows good adaptability in the real temperature test of the engine; the sensor does not need holes punched in components of installation when used, and it resists high-speed scouring.





4. Discussion


It was shown that the static calibration temperature measurement of the prepared smart bolt based on screen-printed ITO/In2O3 TFTCs with a Ni-based single-crystal superalloy reached 1100 °C. Compared with the previously reported ITO/In2O3 or In2O3/WRe probes, the stable maximum operating temperature is increased. In addition, since the ceramic substrate is no longer used, but the same metal material as the component under test is used as the substrate, the heat transfer error of the wall surface due to the different thermal conductivity of the substrate material can be avoided in actual use. However, failure occurred at higher temperatures, and no stable electrical signal could be detected. This failure may be due to the thermal stress mismatch between the film and the substrate as well as metal oxidation in high-temperature environments. Choosing a material with a thermal expansion coefficient more similar to that of the metal as the sensitive layer material may lead to a better performance at high temperature, but the existing high-temperature thermoelectric materials do not meet this requirement. It could be possible to further optimize the parameters of the preparation process of the protective layer, such as the parameters of the sol–gel method, to achieve a more effective high-temperature protection.




5. Conclusions


In this work, a new type of smart bolt based on ITO/In2O3TFTCs and a Ni-based single-crystal superalloy was presented. The calibration results show that the average Seebeck coefficient of the TFTC reaches 64.9 μV/°C at 1100 °C with a maximum voltage of 71.4 mV. The repeatability error of the sensor cycles after the heat treatment is ±1.05%. The repeatability of the sensor reaches 98.95%. The application test of smart bolts in small aero engines shows they can bear the heat of gas flow under 0.8 Mach and 850 °C. Compared with traditional thin-film temperature sensors, the intelligent bolt sensor proposed in this work has better engineering application prospects owing to its convenience of installation.
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Figure 1. Unit cells of bulk (a) Ni, (b) Ni3Al, and (c) Al2O3. (d) Top view of Ni(111)/Al2O3(001). (e) Front view of Ni(111)/Al2O3(001). (f) Top view of Ni3Al(111)/Al2O3(001). (g) Front view of Ni3Al(111)/Al2O3(001) interface. The pink, red, and blue ball in figure shows Al, O, Ni atom separately. 
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Figure 2. Intelligent bolt structure and process flow. 






Figure 2. Intelligent bolt structure and process flow.



[image: Chemosensors 10 00347 g002]







[image: Chemosensors 10 00347 g003 550] 





Figure 3. Total DOS (TDOS) and PDOS of the interfacial atoms in the Ni(111)/Al2O3(001) system. 
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Figure 4. Total DOS and PDOS of the interfacial atoms in the Ni3Al(111)/Al2O3(001) system. 
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Figure 5. Atom numbers of the (a) Ni(111)/Al2O3(001) and (b) Ni3Al(111)/Al2O3(001) interfaces. The pink, red, and blue ball in figure shows Al, O, Ni atom separately. 
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Figure 6. (a,b) Charge densities of different sections of the Ni(111)/Al2O3(001) interface; (c,d) charge densities of different sections of the Ni3Al(111)/Al2O3(001) interface. The pink, red, and blue ball in figure shows Al, O, Ni atom separately. 
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Figure 7. Thermal stress as a function of the Al2O3 film thickness for different systems: (a) Al2O3 film and substrate; (b) ITO film, Al2O3 film, and substrate; (c) TFTC, Al2O3 film, and substrate with R = 1 mm; (d) thermal stress as a function of R for the system composed of the TFTC, Al2O3 film, and substrate. 
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Figure 8. Surface morphology of the ITO (a1: 37 μm, a2: 15 μm, a3: 4 µm, a4: 400 nm) and In2O3 (b1: 37 μm, b2: 15 μm, b3: 4 µm, b4: 400 nm) films obtained using different glass powder particle sizes. 






Figure 8. Surface morphology of the ITO (a1: 37 μm, a2: 15 μm, a3: 4 µm, a4: 400 nm) and In2O3 (b1: 37 μm, b2: 15 μm, b3: 4 µm, b4: 400 nm) films obtained using different glass powder particle sizes.



[image: Chemosensors 10 00347 g008]







[image: Chemosensors 10 00347 g009 550] 





Figure 9. XRD diffraction patterns of the (a) ITO and (b) In2O3 thin films before and after the heat treatment. 
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Figure 10. The temperature calibration system (a), EMF output of the sensor in three cycles of heating and cooling with the maximum temperature difference of 1100 °C (b), methane flame test system (c), EMF output of the smart bolt and armored K-type thermocouple under methane flame test up to 1000 °C (d), smart bolt which is installed on a small aero engine for ignition test (e), diagram of temperature test results during ignition (f). 
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Table 1. Calculated lattice parameters (a and c) of bulk Al2O3, Ni, and Ni3Al.
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System

	

	
Method

	
a (Å)

	
c (Å)

	
Space Group






	
Al2O3

	
Present

	
GGA–PBE

	
4.808

	
13.122

	
R-3C




	
Expt

	

	
4.759

	
12.991

	
R-3C




	
Ni

	
Present

	
GGA–PBE

	
3.522

	
3.522

	
FM-3M




	
Expt

	

	
3.544

	
3.544

	
FM-3M




	
Ni3Al

	
Present

	
GGA–PBE

	
3.569

	
3.569

	
PM-3M




	
Expt

	

	
3.568

	
5.568

	
PM-3M
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Table 2. Material parameters.






Table 2. Material parameters.





	Material
	Poisson’s Ratio
	Young’s Modulus (GPa)
	Coefficient of Thermal Expansion (10−6/K)





	Ni-based single-crystal superalloy
	0.30
	210
	9.10



	Al2O3
	0.29
	390
	7.70



	ITO
	0.35
	200
	6.37



	In2O3
	0.30
	150
	6.50
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Table 3. Mulliken overlap population of the chemical bonds.
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Bond

	
Population

	
Bond Length (Å)






	
Ni(111)/Al2O3(001)

	
Al1–Ni2

	
0.08

	
2.74




	
Al1–Ni4

	
0.07

	
2.75




	
Al1–Ni3

	
0.07

	
2.76




	
O2–Ni4

	
0.03

	
2.86




	
O3–Ni3

	
0.02

	
2.88




	
O1–Ni2

	
0.01

	
2.88




	
Ni3Al(111)/Al2O3(001)

	
Al1(Al2O3)–Ni2

	
0.06

	
2.72




	
Al1(Al2O3)–Ni4

	
0.05

	
2.72




	
Al1(Al2O3)–Ni3

	
0.05

	
2.72




	
O1–Ni1

	
−0.01

	
2.92




	
O2–Ni3

	
−0.01

	
2.91




	
O3–Ni2

	
−0.01

	
2.92
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