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Abstract

:

A solid oxide fuel cell is a high-efficiency power device in hydrogen energy utilization. The durability and dynamic performance of metal-supported solid oxide fuel cells (MS-SOFCs) are superior to those of electrolyte- or electrode-supported cells, with many potential applications. Gadolinium-doped cerium (GDC) has a high oxygen ionic conductivity, making it suitable to act as the electrolyte in MS-SOFCs operating at 500–650 °C. However, the low-temperature sintering of GDC is difficult for MS-SOFCs. In this study, the factors affecting the low-temperature densification of GDC are analyzed based on an orthogonal experimental method. The shrinking rates of 16 experiments are determined. The effects of the particle diameter, pressure of the uniaxial press machine, sintering temperature, and fractions of aid and binder are estimated. The results of a range analysis indicate that the content of sintering aid has the greatest impact on the low-temperature densification of GDC, followed by the powder diameter and the uniaxial pressure. A maximum shrinking rate of 46.99% is achieved with a temperature of 1050 °C.
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1. Introduction


As the requirements for clean, abundant, and sustainable energy increase continuously, fuel cell technology will become a key solution [1,2]. Among various types of fuel cells, solid oxide fuel cells (SOFCs) have a high energy efficiency and a good adaptability to different fuels [3], making them a promising technology for future power systems [4,5,6]. SOFCs with an output power of 50 kWe to 200 kWe had been developed and tested [7]. Domestic SOFC-based combined heat and power (CHP) systems have been applied widely in Japan [8]. SOFCs are also suitable for use in transport vehicles [9,10] and drones [11]. However, the working temperature of SOFCs is normally greater than 750 °C, leading to serious performance degradation during long-term operation, as well as constrains with respect to commercial applications [12].



The ionic conductivity of an electrolyte has a considerable impact on the current density of an SOFC. Yttria-stabilized zirconia (YSZ) is normally used as the electrolyte. However, its working temperature must be in the range of 750–850 °C to guarantee suitable oxygen ionic conductivity (0.01–0.1 S/cm) [13]. Although YSZ exhibits good thermal and mechanical stability of in an oxidative or reductive atmosphere, such a high operation temperature poses a considerable challenge for glass sealant [14] and accelerates the degradation of the electrolyte and other components, which is the main factor affecting the lifetime [15,16]. If the working temperature can be decreased to 500–650 °C, the requirements of sealant materials can be reduced, and the durability of SOFCs can be improved significantly. However, YSZ is not suitable for operation under such a low temperature due to its low conductivity [17,18,19,20]. The oxygen ionic conductivity of gadolinium-doped ceria (GDC) almost an order of magnitude greater than that of YSZ, making it a feasible electrolyte for medium-temperature SOFCs [21].



To reduce ohmic loss in such a system, the thickness of the electrolyte needs to be much thinner compared with that of an electrolyte-supported SOFC. Hence, electrode-supported SOFCs have been developed. For the cathode-supported cell, the activation loss is severe, and therefore, most cells adopt an anode-supported structure [22]. However, such a structure is associated with a redox issue for the anode, which is mainly caused by Ni particles, resulting in a high temperature uniformity requirement due to the fragile characteristics of ceramic materials [23]. Therefore, third-generation metal-supported SOFCs were developed to overcome these shortcomings [24,25]. Compared with an anode-supported cell, metal-supported cells have higher durability, a lower cost, and can withstand very rapid temperature variations [26]. For metal-supported SOFCs, the working temperature needs to be controlled below 700 °C to improve the antioxidation performance of the metal substrate. GDC is more suitable than YSZ at such a low working temperature due to its higher ionic conductivity. The oxygen ionic conductivity of GDC is about 0.150 S/cm at 620 °C, which is five times greater than that of YSZ [27,28].



Normally, GDC powder needs to be sintered at a high temperature of around 1400 °C to ensure a densification of more than 95%. For instance, GDC powder was sintered at 1350 °C for 2 h, and the effects of the molar ratio of fuel to oxidizer, combustion temperature of the gel, calcination temperature, and dwell time of the powder for a sol-gel preparation process were evaluated [29]. However, for metal-supported SOFCs, the sintering temperature should be controlled below 1100 °C to avoid oxidation of the metal substrate. It is difficult to realize the densification of GDC powder under such a low temperature [30]. Recently, Murutoglu et al. [31] used a GDC powder with a particle size of 5–10 nm and that found it could be densified at 1100 °C. However, such a small particle size is prone to aggregation, making it difficult to achieve a mass production process. Many investigations have explored the fabrication process of metal-supported SOFCs [32], indicating that the particle size distribution, the initial porosity before sintering, and the grain boundary elements have important effects on the sintering process [33,34]. In addition, the impacts of different sintering aids were estimated [35]. Transition metal oxides, such as MnO [36] and CuO [37], are often used as sintering aids. Recently, alkali metal oxides were investigated as sintering aids. A eutectic mixture of Li and Na carbonates was added to GDC by Grilo et al. [38]. Li and Co precursors were added in a sol-gel process, and 2 mol% of Li or 0.5 mol% of Co were found to enhance the conductivity [39]. Accardo et al. [40] found that the synergistic effect of lithium and bismuth and the ionic transport could be improved by the trapping of oxygen vacancies. However, the intense chemical reaction between lithium and alumina should be considered in order to avoid introducing excessive aluminum [41].



Previous investigations have mainly concentrated on the preparation of GDC powder or the effects of sintering aids. Many factors affect the sintering process, and a comprehensive evaluation of these factors is required. Individual evaluation of these parameters is time-consuming and costly. Therefore, an orthogonal approach is normally employed in terms of experimental design. This statistical method optimizes the combinations of various levels of factors, significantly reducing the number of experiments required [42,43,44]. In this study, the effects of sintering parameters on the low-temperature densification process of GDC electrolyte are investigated using an orthogonal experiment. The most important parameters are identified to realize a high densification. First, the fabrication process is presented. Then, an orthogonal matrix experiment design is introduced. The considered parameters are the powder diameter, uniaxial pressure, contents of the binder and sintering aid, and sintering temperature. Sixteen groups of electrolyte pellets are sintered, and the shrinking rate is obtained. A range analysis is adopted to identify the sequence of significance, and the measured uncertainties are estimated. Finally, a microstructural characterization and an electrochemical impedance spectrum (EIS) test are performed, and an optimal combination of sintering parameters is obtained.




2. Experimental


Electrolyte pellets are fabricated according to the following procedure. First, GDC powder, solvent, sintering aid (10 nm CuO), and binder are mixed according to the specified mass fractions. To distribute the sintering aid uniformly into the GDC powder, the slurry is milled in a mortar. Then, a homogenization treatment is performed by a three-roll grinder (ZYE, Shenzhen, China, ZYTR-50). The slurry is then dried in a vacuum dryer (AISET, Shanghai, China, YLE-2000). The electrolyte pellets are prepared with a manual tablet press machine (Tianjin optical instrument factory, Tianjin, China, FW-4 24T). The pellets of each group are sintered in a furnace (Hefei Kejing, Hefei, China, KSL-1700X). The detailed fabrication process is described below.



	
Preparation of binder: mix terpineol and ethyl cellulose in a mass ratio of 97:3. Then, place the solution in a beaker and stir evenly with a magnetic rotor for 8 h.



	
Place 8 g of GDC electrolyte powder and 8 g of binder into the homogenizer (ZYE, ZYMC-200V), and run the homogenizer at 1500 r/min for 3 min; vacuum deformation is performed during this process.



	
Transfer the slurry to the three-roll grinder for further homogenization.



	
Set the vacuum dryer to 75 °C; then, place the slurry in the vacuum dryer for 24–48 h until completely dried.



	
Add 1 g of the fabricated powder into the stainless cast of the manual tablet press machine and impose the specified pressure on the powder to form an electrolyte pellet.



	
Place the pellets on aluminum plates and transfer them to the sintering furnace. Increase the temperature of the furnace according to the prescribed temperature profile up to the maximum sintering temperature. Maintain at the maximum sintering temperature for 2 h.



	
Decrease the temperature inside the furnace according to the temperature profile until the temperature is lower than 600 °C.






The detailed sintering temperature profile is shown in Figure 1. The rate of temperature increase is 3 °C/min from the ambient temperature to 850 °C. When the temperature is above 850 °C, the temperature increase rate is set to 10 °C/min. The temperature decrease rate is 3 °C/min until the temperature drops below 600 °C, at which point the furnace is powered off and naturally cooled to ambient temperature. The main equipment used in this experiment is listed in Table 1.



The surface microstructure of the sintered electrolyte pellets is observed by a Merlin scanning electron microscope (SEM) produced by Zeiss, Germany. Before observation, stick the sample on conductive adhesive and spray the conductive coating for 30–40 s. Then, the overall conductivity of the electrolyte is measured in air by an EIS device. An electrochemical analyzer (Metrohm, Herisau, Switzerland, AUT302N) is used in this study. Conductive adhesive and silver paste are deposited evenly on both sides of the sintered electrolyte sample, and two silver wires are connected to each side. Then, the sample is place into a tube furnace for heating to the specified temperature. During EIS measurement, the frequency of the AC signal ranges from 0.01 Hz to 100 kHz, with a magnitude of 50 mV. The overall conductivity data are measured at different temperatures.




3. Experimental Design


The orthogonal experiment was designed using the Taguchi method. The optimal target value is obtained by discretization of the factors. First, the target parameter is defined. Then, the controllable factors and their levels are specified. Accordingly, an orthogonal matrix is adopted to determine the total groups of the experiment. The experimental results are evaluated, and the effects of the controllable factors on the target parameter are analyzed by main-effect plots, and the corresponding optimal group can be determined.



First, a suitable optimization target must be configured. In this study, the shrinking rate of the electrolyte pellet after sintering is used to determine the extent of densification. The shrinking rate (y) is determined by:


  y =    V 0  − V    V 0    ,  



(1)




where V0 and V are the volume before and after sintering, respectively.



The factors considered in this study are the diameter of the GDC particle, the uniaxial pressure, the contents of the binder and sintering aid, and the maximum sintering temperature. Each factor has four levels, as shown in Table 2. The GDC power was purchased from suppliers, and the particle sizes are taken as the average values supplied by the supplier. GDC powder can be prepared by various methods, such as coprecipitation [45,46], sol-gel [47], and flash combustion [48]. Many factors influence the preparation process, for example, the intensity and duration of milling conditions, the particle size distribution of the GDC powder, and the calcination time. A detailed investigation is beyond the scope of this study. The experimental groups are configured according to the discrete levels, and the densification process investigated. In this study, the mass of each pellet is set to 1 g, with a diameter of 15 mm.



The orthogonal array was designed based on the Taguchi method, which can reduce the overall experimental groups by combining various levels of the factors. The orthogonal array can be expressed by Ld (ak), where d is the total number of experiments, a is the levels of each factor, and k is the number of factors. In this study, the orthogonal array L16 (45) is used, and Table 3 lists the details of each group, where the numbers 1, 2, 3, and 4 denote the levels. Normally, there are 45 = 1024 groups for an experiment with five factors and four levels. However, the orthogonal array consists of only 16 groups, significantly reducing time and cost required. The Taguchi method is an experimental approach used to improve efficiency without compromising important data by selecting representative level combinations from comprehensive experiments according to the Galois theory. The results are analyzed to obtain the optimal level combinations. The Taguchi test method employs a series of orthogonal tables available for selection. The 16 groups are set up according to the orthogonal table, and the values for each level are selected randomly to cover the investigated range in this study.



The low-temperature sintering experiment is carried out according to the orthogonal array presented in Table 3. The shrinking rates of the sintered pellets of the GDC electrolyte are determined, and the range analysis method is used to estimate the significance of the factors. First, the average yield is determined, and the maximum differences among the levels of factors are further computed. Hence, the significance of each factor can be evaluated. The sequence of factor significance can be distinguished intuitively [49]. Take factor A as an example; level 1 of factor A (A1) appears in the No. 1, 2, 3, and 4 groups in Table 2. The yields of these four groups are summed as:


KA,1 = y1 + y2 + y3 + y4.



(2)







Similarly, level 2 of factor A (A2) appears in the No. 5, 6, 7, and 8 groups. Level 3 of factor A (A3) appears in the No. 9, 10, 11, and 12 groups. Level 4 of factor A (A4) appears in the No. 13, 14, 15, and 16 groups. The corresponding summation of these yields can be calculated for each level.


KA,2 = y5 + y6 + y7 + y8



(3)






KA,3 = y9 + y10 + y11 + y12



(4)






KA,4 = y13 + y14 + y15 + y16



(5)







The average yield is determined for each level and denoted by:


    K ¯   A , 1   =    K  A , 1    4  ,  



(6)






    K ¯   A , 2   =    K  A , 2    4  ,  



(7)






    K ¯   A , 3   =    K  A , 3    4  ,  



(8)






    K ¯   A , 4   =    K  A , 4    4  .  



(9)







Finally, the range value of the average yield (i.e., the difference between the maximum and minimum average yields) for factor A is determined by:


  R =    |    K ¯   A , i   −   K ¯   A , j    |    m a x   .  



(10)







The range values for all five factors can be obtained accordingly. Then, these range values are compared, and the significance of each factor can be distinguished. A larger range value implies a greater significance of the factor.




4. Results and Discussion


The electrolyte samples are sintered for the 16 designed groups. Range analysis is performed to identify the significance of each factor with respect to the low-temperature densification of GDC electrolytes. The shrinking rate of the sintered samples is measured. Figure 2 shows photos of four samples. The diameters of the GDC particles are all 150 nm for these four pellets. The contents of the sintering aid are 0.076 g, 0.02 g, 0.01 g, and 0 g, respectively. A micrometer is used to measure the size of the sintered sample. Each sample is measured three times, and the average value is obtained. The measured shrinking rates for these four samples are 46.94%, 46.99%, 12.30%, and 9.52%, exhibiting a decreasing trend as the content of the sintering aid declines.



4.1. Statistical Analysis


The range value (Rj) indicates the significance of the j-th factor. A higher Rj value indicates a greater influence on the shrinking rate (y). The results are listed in Table 4. Based on these results, the sequence of significance for the factors are obtained and shown as Figure 3. The significance sequence is the sintering aid content (30.678%) > particle diameter (13.324%) > uniaxial pressure (6.498%) > sintering temperature (6.466%) > binder content (4.127%). The sintering aid content is the most important, at 30.678%. The contribution of the particle diameter of the GDC powder is the second largest. The size of the GDC powder affects the packing structure of the slurry. A smaller grain size helps to improve the packing density. However, if the particle size is too small, the aggregation effect of the nanoparticles cannot be ignored. The effects of the uniaxial pressure and the binder content are relatively small. Imposing on uniaxial pressure is necessary to ensure a high initial packing density of the pellets. The binder also helps to maintain the form of the pellets during the fabrication process, but its content should be kept at a minimum level.



Figure 4 shows shrinking rate according to the orthogonal method. Figure 4a shows that the shrinking rate is the highest when the particle size is 150 nm. As the particle size increases, the shrinking rate generally decreases due to a low packing density. Figure 4b shows the impact of the uniaxial pressure of the infrared tablet press. As the uniaxial pressure increases, the shrinking rate declines due to an improvement of the initial packing density. In practice, an isostatic press with pressure of more than 300 MPa can be used to provide an even higher initial packing density. Figure 4c shows the effect of the binder content. As the binder mass increases, the initial packing density of the pellets decreases because the porosity of the slurry in the subsequent degumming process is increased, leading to a higher shrinking rate during the subsequent sintering process. Therefore, maintaining a low level of binder content aids in the densification of the powder. Figure 4d shows the effect of different masses of sintering aid. It is evident that the addition of CuO sintering aid can enhance the shrinking rate. When the sintering aid content is less than 0.02 g, increasing the mass fraction of the sintering aid can increase the shrinking rate rapidly. However, when the mass of the sintering aid increases further, its effect on the shrinking rate is reduced, also increasing the risk of high electric conductivity. Therefore, the mass of the sintering aid should be set to a suitable range. The effect of the maximum sintering temperature is shown in Figure 4e. When the maximum sintering temperature is less than 1000 °C, a shrinking rate of less than 16% is obtained, resulting in low sintering kinetics. When the maximum sintering temperature is increased beyond 1000 °C, the shrinking rate increases significantly, reaching a maximum of 1050 °C. The results indicate that the shrinking rate is sensitive when the temperature is between 1000–1050 °C. Constrained by the rigid requirement of the metal substrate, the maximum sintering temperature cannot be increased further. In practice, the maximum sintering temperature should be maintained around 1050 °C to obtain a high level of densification.



Subsequently, the uncertainties of the shrinking rates are estimated based on the Kline–McClintock method. It is assumed that X is the function of n independent variables (x1, x2, x3, …, xn) denoted by:


X = f (x1, x2, x3, …, xn).



(11)







The uncertainties for the n independent variables are Δx1, Δx2, Δx3, …, and Δxn. The relative uncertainty of X is expressed by:


    Δ X  X  =      (   1 X    ∂ X   ∂  x 1    Δ  x 1   )   2  +    (   1 X    ∂ X   ∂  x 2    Δ  x 2   )   2  +    (   1 X    ∂ X   ∂  x 3    Δ  x 3   )   2  + … +    (   1 X    ∂ X   ∂  x n    Δ  x n   )   2    .  



(12)







The shrinking rate is the function of the measured values of the diameter and thickness of the pellet before and after sintering. Assuming the uncertainty of the measured diameter is 0.2 mm and the thickness is 0.1 mm, the uncertainties of the 16 groups of the shrinking rate are determined according to Equation (12). The results are shown in Figure 5. The uncertainties of the shrinking rate are very low for most of the groups. The average uncertainty of the shrinking rate is 0.0925%. The maximum uncertainty is 0.1169% for test No. 9, with a shrinking rate of 0.3730%. The uncertainties of test Nos. 4, 6, 10, and 15 are also relatively high. The minimum uncertainty is 0.0545% for test No.2. The uncertainties of test Nos. 1, 12, and 14 are also low. Generally, the measured shrinking rates have a high precision, with acceptable uncertainties.




4.2. Characterization


To validate the densification of the sintered pellets, the surface microstructures are measured by SEM. The SEM images Nos. 1, 2, 4, and 14 are shown in Figure 6 with a magnification of 50 K. Good densification is achieved for the No. 1 sample. The boundaries of the grains are visible, and most of the grains have a diameter of less than 1 um. If the grain size is too small, the resistance of ionic conductivity increases along the grain boundaries. However, an annealing treatment can be adopted to obtain a larger grain size. For the No. 2 sample, several small holes can be observed on the surface, although it also highly densified. In contrast, the densification of the 14 other samples is poor. The surfaces of Nos. 4 and 14 samples are porous. Many small particles are aggerated, and sintering necks connect adjacent particles. However, such a high porosity makes it difficult to fulfill the requirement of densification of more than 95%. Figure 7 shows the porosity calculated by ImageJ software, indicating a high consistency with that obtained by range analysis. The samples with a higher content of sintering aid are prone to densification. The mass fractions of the sintering aid for the Nos. 1 and 2 samples are 8.29% and 2.14%, respectively. Generally, a mass fraction of more than 3% increases the risk of high electric conductivity. Therefore, the mass fraction of the sintering aid should be controlled at a suitable level.



Figure 8 shows SEM images of the cross sections of Nos. 1 and 11 with a magnification of 100 K. It is evident that there is no direct connection path between the two sides of sample No. 1, although many small voids exist. Therefore, gas tightness is guaranteed. In comparison, sample No. 11 exhibits high porosity. A gas seal between the anode and the cathode cannot be realized, and the cross-talk phenomenon will be serious.



The conductivity of the sintered GDC electrolyte is measured in air using an electrochemical workstation. GDC exhibits a mixed ionic–electric conducting characteristic [50]. Therefore, the measured conductivity is the summation of the oxygen ions and electrons, as well as holes. The overall conductivity of the No. 1 and 2 samples are tested. EIS data are plotted in Figure 9. The variation trends of the AC impedance curves are similar between the two samples at different temperatures. In each EIS profile, the left side is associated with the ohmic resistance of the electrolyte, whereas the right side indicates the electrolyte–electrode interface resistance [45]. The left intersection point of the impedance curve with the X-axis is the ohmic resistance of the electrolyte, and these values are determined for each profile. The ohmic resistances of the two samples increase as the temperature decreases. The resistance of sample No. 2 is slightly higher than that of No. 1. When the temperature is 650 °C, the resistance of sample No. 1 is 11.23 Ω, whereas that of sample No. 2 is 11.80 Ω. Figure 10 shows the overall conductivity profiles of sample Nos. 1 and 2. The measured overall conductivity of GDC is also plotted in [51]. The measured conductivity is greater than that reported in [51], and working temperature is especially high. Nevertheless, this comparison is preliminary because many of the parameters are not the same as those in [51]. The conductivity of the GDC electrolyte is affected by the particle size, sintering process, and impurity content [20,52,53]. For instance, the samples were sintered at 1400 °C for 7 h in [51]. However, a maximum temperature of less than 1100 °C is used in this study, and the sintering dwell time is 2 h. These differences may lead to large deviations in grain size. Differences in conductivity may occur as a result of the effects of impurities on the grain boundary conductivity [54]. The conductivity trend of sample No. 1 is consistent with that of sample No. 2. The conductivity of sample No. 2 is slightly higher than that of sample No. 1 in the high-temperature region. Because the sintering aid has a high electric conductivity under a reductive atmosphere, its mole fraction is normally maintained at less than 3% [55]. The content of sintering aid in sample No. 1 is slightly higher, which may result in high electric conductivity. For sample No. 2, because the electric conductivity of the GDC electrolyte is very low in an atmosphere with high oxygen partial pressure, the measured results indicate the oxygen ionic conductivity.





5. Conclusions


To overcome the low-temperature densification of the GDC electrolyte, an orthogonal experiment was employed to investigate the effects of sintering parameters, including particle diameter, uniaxial pressure, contents of the binder and sinter aid, and the maximum sintering temperature. The results indicate that the effect of sintering aid content is most significance. A suitable mass fraction of sintering aid is approximately 2.14%. The effect of particle diameter is also large. The density of the GDC electrolyte is more than 95%, with an average particle diameter of 150 nm. The shrinking rate of the samples increases rapidly when the maximum sintering temperature is 1000–1050 °C. The effects of uniaxial pressure and binder content are relatively small in the specified ranges. Microstructural images and EIS data indicate good densification and conductivity of sample No. 2.
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Figure 1. Sintering temperature profile with a maximum temperature of 1050 °C. 
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Figure 2. Photos of four sintered electrolytes with different contents of sintering aid: (a) No. 1, 0.076 g; (b) No. 2, 0.020 g; (c) No. 3, 0.010 g; (d) No. 4, 0 g. 
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Figure 3. Significance sequence of the sintering parameters based on range analysis. 
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Figure 4. Effects of sintering parameters on the shrinking rate of GDC electrolyte: (a) particle diameter; (b) uniaxial pressure; (c) binder mass; (d) sintering aid mass; (e) maximum sintering temperature. 
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Figure 5. Results of the uncertainty analysis for the shrinking rate. 
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Figure 6. SEM images of the sample surface: (a) No. 1; (b) No. 2; (c) No. 4; (d) No. 14. 
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Figure 7. Porosity calculated based on SEM surface images. 
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Figure 8. Cross-sectional SEM images: (a) No. 1; (b) No. 11. 
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Figure 9. EIS plots of the GDC pellets measured at different temperatures: (a) No. 1; (b) No. 2. 
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Figure 10. Overall conductivity measured in air. 
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Table 1. Lists of the main equipment.
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	Equipment
	Manufacturer
	Type





	Three-roll grinder
	ZYE
	ZYTR-50



	Homogenizer
	ZYE
	ZYMC-200V



	Vacuum dryer
	AISET
	YLE-2000



	Manual infrared tablet press
	Tianjin Optical Instruments
	FW-4 24T



	High-temperature sintering furnace
	Hefei Kejing
	KSL-1700X



	Tube sintering furnace
	Hefei Kejing
	OTF-1200X



	Electrochemical analyzer
	Metrohm
	AUT302N
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Table 2. Specified levels of each factor.
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	Symbol
	Factors
	Level 1
	Level 2
	Level 3
	Level 4





	G
	Particle size (nm)
	150
	300
	500
	700



	P
	Uniaxial pressure (MPa)
	20
	10
	30
	15



	A
	Binder mass (g)
	0.56
	0.8
	0.3
	0.1



	S
	Sintering aid mass (g)
	0.076
	0.02
	0.01
	0



	T
	Sintering temperature (°C)
	950
	1050
	1010
	1000
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Table 3. Designed orthogonal array (L16 (45)) for the experiment.
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Case No.

	
Factors




	
G

	
P

	
A

	
S

	
T






	
1

	
1

	
1

	
1

	
1

	
1




	
2

	
1

	
2

	
2

	
2

	
2




	
3

	
1

	
3

	
3

	
3

	
3




	
4

	
1

	
4

	
4

	
4

	
4




	
5

	
2

	
1

	
2

	
3

	
4




	
6

	
2

	
2

	
1

	
4

	
3




	
7

	
2

	
3

	
4

	
1

	
2




	
8

	
2

	
4

	
3

	
2

	
1




	
9

	
3

	
1

	
3

	
4

	
2




	
10

	
3

	
2

	
4

	
3

	
1




	
11

	
3

	
3

	
1

	
2

	
4




	
12

	
3

	
4

	
2

	
1

	
3




	
13

	
4

	
1

	
4

	
2

	
3




	
14

	
4

	
2

	
3

	
1

	
4




	
15

	
4

	
3

	
2

	
4

	
1




	
16

	
4

	
4

	
1

	
3

	
2











[image: Table] 





Table 4. Results of range analysis.
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	Value
	G
	P
	A
	S
	T





	    K  j 1     
	115.849
	87.957
	86.138
	139.576
	63.349



	    K  j 2     
	62.552
	95.662
	98.733
	116.215
	107.302



	    K  j 3     
	67.900
	61.965
	66.425
	48.271
	89.214



	    K  j 4     
	74.625
	75.341
	69.629
	16.863
	61.060



	     K ¯   j 1     
	28.962
	21.989
	21.535
	34.894
	15.837



	     K ¯   j 2     
	15.638
	23.915
	24.683
	29.054
	26.826



	     K ¯   j 3     
	16.975
	15.491
	16.606
	12.068
	22.303



	     K ¯   j 4     
	18.656
	18.835
	17.407
	4.216
	15.265



	    R j    
	13.324
	6.498
	4.127
	30.678
	6.466
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