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Abstract

:

Highlights


We propose a method for ZrO2-coating a ceramic substrate using a sol–gel process. The ZrO2 film was not damaged, even after annealing at 600 °C in air. Pre-SiO2 coating on the substrate was performed with a sol–gel reaction of tetraethoxysilane. The pre-SiO2 coating increased the affinity between the ZrO2 film and the substrate. As a result, thick ZrO2 films formed on the substrate.




Abstract


The development of techniques for coating thermistors with materials possessing excellent chemical resistance and electrical insulation characteristics is necessary to ensure their protection. The present work proposes a coating technique using zirconia (ZrO2), which has excellent chemical resistance and electrical insulation properties, based on initiating a sol–gel reaction of zirconium alkoxide in the presence of a ceramic substrate consisting of the common components of thermistors. The ZrO2 films on substrates were not damaged, even after annealing at 600 °C in air. Several ZrO2 particles were also deposited on the substrate. Pre-silica (SiO2)-coating the substrate, which was performed through a tetraethoxysilane (TEOS) sol–gel reaction, decreased the amount of ZrO2 particles and promoted the formation of thick ZrO2 films, as the reaction between the Zr butoxide and the alkoxyl groups of incompletely hydrolyzed TEOS on the substrate increased the affinity between the ZrO2 layer and the substrate.







Keywords:


zirconia; silica; coating; sol–gel; film












1. Introduction


Various electronic devices, including electro-conductors, semiconductors, and electrical insulators, are indispensable in various fields, such as electronics and optics [1,2,3], and are pervasive in everyday life. Thermistors are one such type of device, and ceramics including Mn, Fe, Co, Ni, etc., are used for their design and construction [4,5,6]. It is hard to maintain their properties, as they are damaged by oxidation in the air, and this damage is accelerated by severe oxidation caused by exposure to high temperatures [7,8].



The coating of thermistors with materials possessing excellent chemical resistance and electrical insulation characteristics provides a technique to solve the abovementioned problem, as the coating controls the contact of the thermistor with oxygen. Ceramics such as silica (SiO2), alumina, and zirconia (ZrO2) are typical examples of coating materials with excellent chemical resistance properties [9,10,11]. Among them, ZrO2 is expected to function as an effective coating material, due to its excellent chemical resistance and thermal insulation properties [12,13]. Apart from these properties, the ZrO2 is as tough and/or mechanically stable as many other ceramics [14,15,16], contributing to its coating potential.



Methods for ZrO2-coating can be broadly classified into gas-phase methods, including chemical vapor deposition and physical vapor deposition [17,18], and liquid-phase methods [19,20]. Instruments for the gas-phase methods are expensive and complicated to operate, as they usually require a vacuum system. Liquid-phase methods are suitable for industrial and practical coating, as such methods make it possible to coat a wide area of substrate easily at low cost. Many studies on ZrO2-coating using a sol–gel method—one of the liquid phase methods—have been reported [11,21,22,23,24]. Zr alkoxide, which is often used as a starting material, reacts with water. As a result, many zirconium (Zr) oxide nuclei are produced in the solution, leading to the formation of a film on the substrate. Generally, the reaction proceeds quite intensively, facilitating the formation of a porous film, instead of a dense film on the substrate. However, the formation of a porous film may lead to exposure of the ceramics, resulting in their damage and possibly creating problems.



Controlling the rate of the sol–gel reaction has been considered as a candidate process for solving the abovementioned problem. From this perspective, the present work addresses three key aspects for the purpose of fabricating a uniform and dense ZrO2 film: First, we propose a process for ZrO2-coating, in which ZrO2 is produced in a reaction solution containing a substrate. Second, we investigate the effects of the reaction conditions for the production of ZrO2 on the morphology of the produced film. Third, we finely optimize the reaction conditions, in which the generation of ZrO2 precursor nuclei, deposition of the nuclei on a substrate, and growth of nuclei on the substrate are controlled and are all performed in one step.



As ZrO2 possesses oxide surfaces, it should have a strong affinity with other oxide surfaces. SiO2 also has oxide surfaces, and is easily and simply fabricated. Therefore, the idea of the use of a pre-SiO2-coated substrate as a substrate for ZrO2-coating was developed. Therefore, in the present work, the effect of pre-SiO2-coating on the morphology of the formed ZrO2 film was also studied for the purpose of improving the affinity between the ZrO2 film and substrate.




2. Experimental


2.1. Materials


The substrate used in the present work was a ceramic composed mainly of manganese oxide, iron oxide, cobalt oxide, and copper oxide, with similar components to those of conventional thermistors, as shown in Figure 1a, and was supplied by Mitsubishi Materials Co. Ltd. Figure 1b,c show SEM images of the substrate surfaces obtained by dicing and slicing, respectively. The surfaces obtained by dicing and slicing appeared relatively smooth and uneven, respectively. Figure 1d shows the XRD pattern of the substrate. Peaks were detected at 30.3, 35.7, 43.3, 47.3, and 63.0 degrees, which were attributed to the (220), (311), (400), (511), and (440) planes of γ-Fe2O3 (cubic), respectively, according to ICDD code (#00-039-1346). Accordingly, one component of iron was crystalline, while other components were amorphous or too fine to be detected by XRD. Tetraethoxysilane (TEOS) (Kanto Chemical, 95%), ethanol (Kanto Chemical, 99.5%), and sodium hydroxide (NaOH) aqueous solution (Kanto Chemical, 1 M) were used for pre-SiO2-coating, as the SiO2 source, solvent of the TEOS solution, and an initiator of the TEOS sol–gel reaction, respectively. Zr (IV) tetrabutoxide (ZTB) (Wako, 85% in 1-butanol) and methylamine (Kanto Chemical, 38–42% in water) were used for ZrO2-coating, as the ZrO2 source and initiator of the ZTB sol–gel reaction, respectively. 1-Butanol and acetonitrile were used as solvents for the ZTB solution. All chemicals were used as received. Deionized and distilled water, which was used for all preparations, was prepared using an Advantec RFD372NC water distillation apparatus.




2.2. Preparation


2.2.1. Pre-SiO2-Coating


The substrate was put into a mixture of TEOS, ethanol, and water. To pre-coat an SiO2 film on the substrate, the TEOS sol–gel reaction was initiated by the addition of NaOH aqueous solution to the mixture under stirring at 35 °C. The initial concentrations of TEOS, NaOH, and H2O in the final TEOS/ethanol solution were 5.0 × 10−3, 8.3 × 10−4, and 5.0 × 10−2 M, respectively. Then, the pre-SiO2 film on substrate was washed by rinsing the pre-coated substrate with ethanol. Pre-SiO2-coating and washing were repeated several times to obtain multi-layer SiO2 films.




2.2.2. ZrO2-Coating


The substrate was put into a mixture of ZTB, 1-butanol, and acetonitrile. To form a ZrO2 precursor film on the substrate, the ZTB sol–gel reaction was initiated with the addition of H2O/methylamine solution to the mixture under stirring at 35 °C. The initial concentrations of ZTB, methylamine, and H2O in the final ZTB/acetonitrile/1-butanol solution were 5.0 × 10−3, 8.3 × 10−4, and 5.0 × 10−2 M in 50% (v/v) acetonitrile/1-butanol, respectively. The film formed on the substrate was washed by rinsing the substrate with 1-butanol. The formation and washing steps were repeated several times to obtain multi-layer ZrO2 films. The precursor film was annealed in air for crystallization. As the precipitate produced in the solution during film formation was considered to be the same material as the film on substrate, the powder derived from the precipitate was also characterized.




2.2.3. ZrO2-Coating on Pre-SiO2-Coated Substrate


The pre-SiO2-coated substrates were also used for ZrO2-coating (SiO2/ZrO2). The ZrO2-coating process was the same as described above, except with pre-SiO2-coated substrate as the substrate for ZrO2-coating.





2.3. Characterization


The samples were characterized by XRD, scanning electron microscopy (SEM), energy dispersive X-ray spectrometry (EDX), and XPS. The XRD measurements were carried out using a Rigaku Ultima IV X-ray diffractometer with a CuKα radiation source operated at 40 kV and 30 mA. The XRD samples were the substrate and powders of the particles. The particles in the colloidal solution were washed by repeated centrifugation and decantation to remove the supernatant, followed by the addition of water and redispersion by shaking using a vortex mixer. The washing process was performed three times, and the particle powder was obtained by centrifuging the colloidal solution, removing its supernatant by decantation in the third washing process and drying the slightly wet particle powder in a Yamato DP-31 vacuum-drying oven equipped with an oil-sealed rotary vacuum pump (ULVAC GCD-136X). SEM was carried out using a Hitachi SU5000 scanning-electron microscope operating at 15 kV. Elemental analysis of the EDX profiles was performed using a Hitachi SU5000 equipped with an EDX analyzer. The acceleration voltage of the SEM during EDX analysis was 15 kV. The samples for EDX were prepared through the dropwise addition of the colloidal particle solution onto a metallic copper stage. XPS was performed using a JEOL JPS-9010 equipped with a monochromatic Mg Kα radiation source (200 W, 10 kV, 1253.6 eV). To determine the composition of the films in the depth direction, the films on substrates were treated with an etching process by Ar+ sputtering at 500 kV. Etching was performed for 10 s for each etching process.





3. Results and Discussion


3.1. Product Obtained from the ZTB Sol–Gel Reaction


The precipitate produced in the aqueous solution during film formation was colored white. Figure 2 shows the XRD patterns of precipitate powders annealed at various temperatures. The XRD pattern of the as-prepared precipitate powder is also shown. No dominant peaks were detected for the as-prepared precipitate and the precipitates annealed at 100–300 °C, indicating that these precipitates were amorphous or too fine to be detected by XRD. Peaks appeared at 30.3, 35.3, 50.3, 50.8, 59.5, 60.2, and 63.1 degrees after annealing at 400 °C, attributed to the (101), (110), (112), (200), (103), (211), and (202) planes of tetragonal ZrO2 (t-ZrO2), respectively, according to [25,26] and international center for diffraction data (ICDD) code #00-002-0733. The t-ZrO2 peaks were intensified with an increase in annealing temperature of up to 500 °C, as annealing accelerated the crystallization of ZrO2. The t-ZrO2 peaks were weakened with an increasing annealing temperature of up to 600 °C. Instead, the peaks appeared at 24.1, 28.2, 31.5, 34.2, 40.7, and 55.4 degrees, attributed to the (110), (  1 ¯  11), (111), (020), (102), and (130) planes of monoclinic ZrO2 (m-ZrO2), respectively, according to references [25,26] and ICDD code #00-1-0750. Accordingly, the t-ZrO2 began to transform to m-ZrO2 at 600 °C. Pure ZrO2 is m-ZrO2 at room temperature and is transformed to t-ZrO2 with annealing at ca. 1100 °C, as has been mentioned by several researchers [27,28,29]. A phase diagram established by Bouvier et al. clearly indicates that compressive stress stabilizes t-ZrO2 [30]. Tensile stress and shear stress are the primary driving forces to trigger the transformation from t-ZrO2 to m-ZrO2 [31]. Gao et al. have found that anionic impurities, such as OH−, had effects on the crystalline conversion; that is, the existence of residual hydroxyl groups contained in the ZrO2 that form zirconium hydroxide may be a major factor in the generation of t-ZrO2 rather than m-ZrO2 at low temperatures [32]. In the present work, such anionic impurities should have been contained in the particles, and the dehydration derived from the sol–gel reaction more or less exerted the compressive stress on the particles. Then, annealing condensed the residual hydroxyl groups to form Zr–O–Zr bonds or ZrO2, which generated the tensile stress and shear stress in particles. The effect of anionic impurities and the generation of stresses probably favored the system in which the t-ZrO2 was produced, and then the transformation from t-ZrO2 to m-ZrO2 occurred.




3.2. Pre-SiO2-Coating


Figure 3a shows an SE image of the cross-section of the SiO2-coated substrate. The cross-section and surface of SiO2-coated substrate can be observed as the lower and upper halves, respectively. As the sample was placed such that the cross-section was horizontal to the image (i.e., such that the surface moves away as the eye moves up the image), the image appears out of focus with such eye movement. Figure 3b shows an elemental map of silicon (Si) in the cross-section of the substrate after pre-SiO2-coating. Si was only distributed on the substrate, and almost uniformly. This Si was absolutely derived from the SiO2. Accordingly, the substrate was found to be uniformly coated with SiO2.




3.3. ZrO2-Coating


If ZrO2-coating parameters that provide a good coating under severe conditions for the ZrO2 film can be found, the objective of this study will almost have been achieved. As the transition from t-ZrO2 to m-ZrO2, which was detected in the particles, is a change accompanying volume expansion, cracks may form on the substrate surface after annealing. This cracking should correspond to severe conditions for the ZrO2 film. Thus, the effect of the transition accompanying volume expansion on film morphology was investigated, particularly when the annealing temperature was adjusted to 600 °C, at which point the t-ZrO2 began to be transformed into m-ZrO2, as seen in Figure 2. All ZrO2-coated substrates were annealed at 600 °C after the coating, in order to crystallize the ZrO2 films onto the substrate, as the transformation to m-ZrO2 took place at 600 °C, according to the XRD measurements for the product obtained by the sol–gel reaction of ZTB shown in Figure 2.



Figure 4(a1) shows an SEM image of surface of the ZrO2-coated substrate, where the ZrO2-coating process was carried out once. Several ZrO2 particles produced by the sol–gel process were present on the coated substrate surface. Figure 4(a2) shows an SEM image of a cross-section of ZrO2-coated substrate. No film could be identified with SEM, due to the small film thickness and SEM resolution. Figure 4(b1) shows an SEM image of the surface of the ZrO2-coated substrate after three rounds of ZrO2-coating. Several ZrO2 particles produced by the sol–gel process can be seen to be present on the coated substrate surface. Figure 4(b2) shows an SEM image of a cross-section of ZrO2-coated substrate, from which the presence of the ZrO2 film can be confirmed. The obtained films appeared dense even after annealing. In addition, the film was not peeled off the substrate, which indicated that the film had excellent adhesion and coating properties. The lack of effect of the transition was due to the stress generated by volume expansion being controlled, as a result of the removal of the impurities inside the films.



Figure 4(c1) shows an SE image of a cross-section of ZrO2-coated substrate, in which the ZrO2-coating process was performed three times. The cross-section and the surface of the ZrO2-coated substrate were observed on the lower and upper halves. The image appears out of focus with the bottom-to-top eye movement, as in Figure 3. Figure 4(c2) shows an elemental map of Zr in the cross-section of ZrO2-coated substrate. The element of Zr was only distributed on the substrate. The Zr element was absolutely derived from the ZrO2. Accordingly, the substrate was found to be coated with ZrO2.




3.4. ZrO2-Coating on Pre-SiO2-Coated Substrate


Figure 5(a1) shows an SEM image of the surface of SiO2/ZrO2-coated substrate. The ZrO2-coating was performed once. Few ZrO2 particles were present on the coated substrate surface, which implied that, when the ZrO2-coating was performed, the deposition of ZrO2 particles preferentially occurred. Although the detailed mechanism of the preferential ZrO2-coating is still unclear, the superiority of the pre-SiO2-coating was demonstrated. Figure 5(a2) shows an SEM image of the cross-section of SiO2/ZrO2-coated substrate, from which the existence of a ZrO2 film can be confirmed. No film could be identified without pre-SiO2-coating, as shown in Figure 4(a2). Accordingly, the pre-SiO2-coating was found to facilitate ZrO2-coating.



Figure 5(b1) shows an SEM image of surface of SiO2/ZrO2-coated substrate. The ZrO2- coating was carried out three times. The image was similar to that with one round of ZrO2-coating; few ZrO2 particles were present on the coated substrate surface. Figure 5(b2) shows an SEM image of cross-section of SiO2/ZrO2-coated substrate. The ZrO2 film with a thickness of ca. 100 nm was clearly observed, and the film was firmly formed on the substrate without peeling off, even under the formation of such a thick ZrO2 film.



Figure 6a shows an SE image of the cross-section of SiO2/ZrO2-coated substrate, in which ZrO2-coating was performed three times. The cross-section and the surface of the SiO2/ZrO2-coated substrate can be observed in the lower and upper halves, respectively. The image also appears to move out of focus toward the top of the image. Figure 6b shows an elemental map of Si in the cross-section of the SiO2/ZrO2-coated substrate. The Si was detected almost in a straight line, was not detected on the substrate, and was absolutely derived from the pre-coated SiO2. This observation implied that the ZrO2 film had formed on the pre-SiO2-coated substrate, such that the SiO2 film surface was concealed by the ZrO2 film, resulting in no Si being detected on the substrate. Figure 6c shows an elemental map of Zr in a cross-section of SiO2/ZrO2-coated substrate. The Zr can be seen to be distributed only on the substrate. This indicated that the substrate was coated with the ZrO2 film, which supported the implication of a successful ZrO2-coating on the pre-SiO2-coated substrate.



The SiO2/ZrO2-coated substrate shown in Figure 5(b1) was further characterized by XPS, as follows. Figure 7 shows the atomic ratios in the SiO2/ZrO2-coated substrate, which were estimated using the XPS peak area intensities, as a function of the number of Ar+ etching steps. For an etching number of 0, the atomic ratios of Si, oxygen (O), and Zr were 29.5, 49.0, and 21.5 atom%, respectively. The atomic ratio of Zr decreased to 9.1 atom% at an etching number of 1. In contrast, the Si and O ratios increased to 34.9 and 56.0 atom% with one round of etching. After the first etching, the atomic ratios of Si, O, and Zr remained almost constant. This result indicated the presence of ZrO2 on the substrate surface, while removal of the ZrO2 film through etching exposed the surfaces of the SiO2 on the substrate. Accordingly, both the EDS mapping shown in Figure 6b,c and the XPS measurements shown in Figure 7 support the successful pre-SiO2 coating and ZrO2-coating on the pre-SiO2-coated substrate. Over an etching number of one, the atomic ratios of Si, O, and Zr remained almost constant, indicating that the first etching removed most of the ZrO2 film on the pre-SiO2-coated substrate.



Figure 8 shows XPS spectra in the O 1s binding energy region of the SiO2/ZrO2-coated substrate. The XPS spectra were curve-fitted by superposing several Gaussian peaks, in which the peak position, peak intensity, and full width at half maximum (FWHM) value were considered as parameters in the fitting process. The curve fitting provided four spectra with binding energies of 529.7, 531.2, 531.9, and 533.8 eV; according to [33,34], these were attributed to the O atoms of Zr–O, Si–O–Zr, Si–O, and Si-OH, respectively. Various bonds between O and other metals were confirmed. The atomic ratios of bonds estimated from the XPS peak area intensities are shown in Figure 9. The ratio of Zr–O bonds decreased with the first etching, then remained almost constant with a higher etching number. In contrast, the ratio of Si–O bonds increased with increasing etching number. These results indicated that etching initially removed the ZrO2 layers, composed mainly of Zr–O bonds, and exposed the pre-coated SiO2 layers. These results also supported the successful pre-SiO2-coating and ZrO2-coating on the pre-SiO2-coated substrate. The Si–O–Zr result revealed that the alkoxyl groups of TEOS that were unhydrolyzed and present on the film surface reacted with Zr butoxide to form Si–O–Zr bonds. Thus, pre-SiO2-coating was considered to promote the formation of Si-O-Zr bonds and, consequently, the following ZrO2-coating. The ratio of Si–O–Zr bonds increased with the first etching, then decreased with higher etching number. This indicated that the first etching removed the ZrO2 layers and exposed boundary layers with many Si–O–Zr bonds, while further etching removed the boundary layers, exposing the pre-coated SiO2 layers. This indication was in good agreement with the indications based on the Si–O and Zr–O bonds.





4. Conclusions


ZrO2-coating was successfully performed by initiating a sol–gel reaction in the presence of the substrate. The ZrO2 films were not broken, even after the annealing at 600 °C in air. Several ZrO2 particles were also deposited on the substrate. For the pre-SiO2-coated substrate, the amount of such ZrO2 particles was reduced and thick ZrO2 films were obtained. Pre-SiO2 coating increased the affinity between the ZrO2 layer and the substrate surface through the formation of Si–O–Zr bonds produced by the reaction of the ZTB and the alkoxyl groups of incompletely hydrolyzed TEOS on the substrate. Further studies focused on optimization of the fabrication conditions and the details of the ZrO2-coating mechanism are required for the effective practical use of the described ZrO2-coating method.
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Figure 1. Information on the substrate used in the present work: (a) Photograph of the substrate; (b): SEM image of the substrate surface obtained by dicing; (c) SEM image of the substrate surface obtained by slicing; and (d) XRD pattern of the substrate (●: Fe3O4). 
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Figure 2. XRD patterns of sol–gel products (a) as-prepared and annealed at (b) 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 600 °C. ●: t-ZrO2, 〇: m-ZrO2. 






Figure 2. XRD patterns of sol–gel products (a) as-prepared and annealed at (b) 100, (c) 200, (d) 300, (e) 400, (f) 500, and (g) 600 °C. ●: t-ZrO2, 〇: m-ZrO2.



[image: Processes 10 02217 g002]







[image: Processes 10 02217 g003 550] 





Figure 3. SE image and corresponding EDX elemental analysis of SiO2-coated substrate: (a) SE image and (b) elemental map of Si (orange) of cross-section of substrate after one SiO2-coating, respectively. 
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Figure 4. SEM images, SE images, and corresponding EDX elemental analysis of ZrO2-coated substrates. Images (a1) and (a2) show SEM images of the surface and cross-section of ZrO2-coated substrates after one round of ZrO2-coating, respectively. Images (b1) and (b2) show SEM images of the surface and cross section of ZrO2-coated substrates after three rounds of ZrO2-coating, respectively. Images (c1) and (c2) show an SE image and an elemental map of Zr (purple) of the cross-section of the substrate after rounds of ZrO2-coating, respectively. 
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Figure 5. SEM images of SiO2/ZrO2-coated substrates. Images (a1) and (a2) show SEM images of the surface and cross-section of SiO2/ZrO2-coated substrate after one round of ZrO2-coating, respectively. Images (b1) and (b2) show SEM images of the surface and cross-section of SiO2/ZrO2-coated substrate after three rounds of ZrO2-coating, respectively. The pre-SiO2-coating for the raw substrate was performed three times prior to ZrO2-coating. 
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Figure 6. SE image and corresponding EDX elemental analysis of SiO2/ZrO2-coated substrates. Both SiO2- and ZrO2-coating processes were carried out three times. (a) SE image; and (b) and (c) elemental maps of Si (orange) and Zr (green), respectively. The sample was the same as that in Figure 5(b2). 
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Figure 7. Atomic ratios in SiO2/ZrO2-coated substrate as a function of the number of Ar+ etching steps. The as-prepared sample was the same as that in Figure 5(b1). 
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Figure 8. O 1s XPS spectra of surfaces of SiO2/ZrO2-coated substrates. The black curves are the measured spectra. The numbers of etches are 0, 1, 2, and 3 for spectra (a–d), respectively. Each measured spectrum is fitted with Gaussian peaks, giving binding energies of 529.7 eV (blue curve), 531.2 eV (purple curve), 531.9 eV (red curve), and 533.8 eV (green curve), attributed to the O atoms of Zr–O, Si–O–Zr, Si–O, and Si–OH, respectively. The as-prepared sample was the same as that in Figure 5(b1). 
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Figure 9. Atomic ratios of bonds on surfaces of SiO2/ZrO2-coated substrates as a function of the number of Ar+ etching steps. (●) Zr-O, (△) Si-O-Zr, (〇) Si-O, and (▲) Si-OH. The as-prepared sample was the same as that in Figure 5(b1). 
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