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Abstract

:

This review discusses the groundbreaking advancements in electric current-assisted sintering techniques, specifically Flash Sintering (FS) and Ultrafast High-Temperature Sintering (UHS), for their application in Solid Oxide Fuel Cells (SOFCs). These innovative sintering methods have demonstrated remarkable potential in enhancing the efficiency and quality of SOFC manufacturing by significantly lowering sintering temperatures and durations, thereby mitigating energy consumption and cost. By providing a detailed overview of the mechanisms, process parameters, and material characteristics associated with FS and UHS, this paper sheds light on their pivotal role in the fabrication of SOFC components such as electrolytes, electrodes, multilayered materials, and interconnect coatings. The advantages, challenges, and prospective opportunities of these sintering technologies in propelling SOFC advancements are thoroughly assessed, underlining their transformative impact on the future of clean and efficient energy production technologies.
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1. Introduction


With the development of human society, there is an increasing demand for energy. Fossil fuels, particularly coal, oil, and natural gas, remain the mainstay of the energy mix today [1]. However, the substantial quantity of carbon dioxide released by the heavy use of fossil fuels has caused significant harm to the environment, highlighting the urgent need to prioritize the advancement of power generation technologies that are both clean and efficient. Solid oxide fuel cells (SOFCs) are a very promising clean energy technology that effectively converts the chemical energy stored in fuel and oxidant gases into electricity [2,3,4,5], as shown in Figure 1. They exhibit many notable merits, such as high efficiency, ecological compatibility, a broad spectrum of fuel options, and the absence of the need for precious metal catalysts [6,7,8,9,10]. Given the current increasing energy demands, the importance of developing and implementing SOFCs is of utmost significance. SOFCs are widely recognized as the optimal option for future environmentally friendly power generation. Nonetheless, as SOFCs progress towards becoming commercially viable, they face obstacles related to maintaining stability over extended periods and managing the expenses associated with manufacturing. These issues arise from the necessity of running SOFC systems at high temperatures [11,12].



In order to address this difficulty, researchers have initiated the development of SOFCs that function at intermediate temperatures ranging from 500 to 800 °C [9,13,14,15]. The successful operation of SOFCs at intermediate temperatures depends not only on the advancement of electrolyte materials that exhibit excellent conductivity within this temperature range [16,17,18,19] but also on the utilization of thin-film electrolytes and nanostructured electrodes [20,21,22,23]. To achieve densification in SOFCs, electrode supports and high-temperature sintering exceeding 1400 °C are necessary for obtaining thin-film electrolytes. Nevertheless, this elevated temperature not only limits the melting point of other co-sintered materials, such as the metal supports used in SOFCs, but also hinders the achievement of electrode nanostructures. Hence, lowering the sintering temperature is advantageous for achieving thin-film electrolytes and nanostructured electrodes in SOFCs [24,25].



In order to reduce the sintering temperature of the electrolyte, researchers have investigated field-assisted sintering and current-assisted sintering techniques, resulting in the creation of various low-temperature sintering methods [26,27,28]. These sintering techniques not only reduce sintering temperatures but also significantly shorten the sintering durations. Some examples of sintering techniques include microwave sintering (MWS), spark plasma sintering (SPS), flash sintering (FS), and, more recently, ultrafast high-temperature sintering (UHS) [29,30,31,32,33,34,35]. Figure 2 displays the process sketches of several typical field-assisted and current-assisted sintering technologies. MWS uses the dielectric loss of ceramic materials in microwave electromagnetic fields to heat the materials to the sintering temperature, resulting in the sintering and densification of ceramics [36,37]. The SPS process predominantly employs the Joule heating effect induced by a pulsed direct current (DC), along with mechanical pressure exerted on the die. This die is heated by the Joule effect and subsequently transfers the heat to the material through conduction, swiftly raising its temperature and achieving densification [29,30,31,32]. Nevertheless, these two techniques encounter challenges when it comes to implementing a diverse array of industrial applications. This is due to their specific demands for sintering equipment and material types, as well as their limitations in terms of the size of the samples that can be sintered [38]. On the other hand, FS and UHS are innovative and more user-friendly techniques for ceramic densification.



FS, a technique developed in 2010 by Raj et al. at the University of Colorado, Boulder, involves use of an electric field while simultaneously heating the sample in a furnace [42]. UHS, developed in 2020 by Wang et al., employs carbon materials to encase ceramic green body samples [43]. This method quickly generates a consistent high-temperature setting by applying an electric field to the carbon material, resulting in extremely fast sintering in around 10 s [44,45]. Table 1 presents an overview of the key process characteristics, heating mechanism, advantages, and limitations associated with conventional sintering (CS) and alternative fast sintering techniques. The innovative current-assisted sintering techniques, such as FS and UHS, have several advantages in common. These include lower sintering temperatures, reduced processing times, and notable enhancements in material properties [46,47,48]. The purpose of this review is to provide a short summary of novel current-assisted sintering techniques (FS and UHS). Additionally, it seeks to summarize their developing history, delineate the most recent accomplishments, and identify the forthcoming problems in the field of SOFCs.




2. Flash Sintering


2.1. FS Process and Mechanism


Flash sintering was first documented for zirconia. This process is often accompanied by a flash of light. The initial study involved compacting 3 mol% yttria-stabilized zirconia (3YSZ) powder into a dog-bone shape, which was subsequently suspended within a heating furnace using two platinum wires attached to the dog-bone sample. A constant DC voltage was applied to the sample while it was heated at a constant rate. Rapid sintering occurred when the electric field intensity exceeded the critical value of 40 V/cm. With the rise in electric field intensity from 60 V/cm, there was a corresponding drop in the onset temperature of flash sintering. At an electric field strength of 120 V/cm, the 3YSZ sample could be sintered at a furnace temperature of 850 °C in a few seconds. Since the report, researchers have persistently engaged in discussions and investigations regarding the mechanism of FS; nevertheless, the exact mechanism remains controversial. The postulated mechanisms for this phenomenon based on experimental data and assumptions include:




	
Joule heating and the resulting local overheating of grain boundaries: The electrical current flowing through the sample can produce Joule heating, and particle-to-particle contacts at the grain boundaries can lead to high local temperatures [42,52,54,55].



	
Nucleation of Frenkel pairs: The applied electric field can promote the nucleation of Frenkel pairs (vacancies and interstitials) with opposite charges (one is a hole; the other is an electron). These pairs, when stripped of their charge by the electric field, become electrically neutral. As a result, they can move freely within the grain, migrate into grain boundaries and pores under the influence of sintering pressure, and thus contribute to sintering. Concurrently, the movement of holes and electrons generates an electric current that further promotes sintering [55,56,57,58].



	
The formation and rapid movement of oxygen vacancies: Under an electric field, the anodic reaction causes the formation of oxygen vacancies, which move rapidly from the anode to the cathode. The oxygen vacancies capture electrons, resulting in the partial reduction of the oxide and the transformation of the material into a mixed conductor with significantly enhanced conductivity [53,59,60,61].









2.2. The Application of FS in SOFCs


2.2.1. Electrolyte


In conventional sintering, electrolytes need to be exposed to high temperatures and kept for several hours to achieve a microstructure with closed pores [17]. These processes are not only costly in terms of energy and equipment expenses but also result in negative reactions with other components of the SOFC system [62]. Since Raj’s first report on the FS phenomenon of 3YSZ, where a DC field is applied for a few seconds at a furnace temperature of 850 °C, FS technology has been widely used for sintering SOFC electrolytes such as YSZ, gadolinium-doped ceria (GDC), BaZr0.1Ce0.7Y0.1Yb0.1O3 (BZCYYb), and La0.8Sr0.2Ga0.8Mg0.2O3 (LSGM) [63,64,65,66,67,68,69,70,71].



Cologna et al. [72] conducted a comprehensive study on the FS of 8YSZ, which has better conductivity compared to 3YSZ. The study demonstrated that the closed-porosity microstructure of 8YSZ could be achieved using FS at a reduced furnace temperature of 750 °C, which is 100 °C lower than the sintering temperature required for 3YSZ. The FS process for 8YSZ material was initiated at an electric field intensity of 30 V/cm, whereas 3YSZ required 60 V/cm. FS, with its low temperature and shortened sintering time, is advantageous in the production of SOFCs. It not only cuts costs but also mitigates the negative chemical interactions between zirconia and other constituents. In addition to the rapid densification achieved through FS, researchers are also concerned about its impact on dielectric properties. M’Peko et al. [73] compared the dielectric properties of flash-sintered and conventionally sintered 3YSZ samples. An electric field of 55 V/cm was applied at 900 °C. Once the current density reached 125 mA/mm2, the process switched to current control, which was maintained for 20–60 s. The results indicated that FS had only a slight impact on the sample’s conductivity and dielectric constant, but it significantly affected its grain boundary properties. Specifically, FS led to a 30% reduction in grain boundary thickness compared to conventionally sintered samples and increased the concentration of defects near these interfaces. Based on these findings, the authors proposed the following mechanism: a large number of defects in the space charge region nucleated with the assistance of the electric field, which increased grain boundary conductivity and promoted the sintering process. Consequently, the authors concluded that the impact of FS on the dielectric properties of materials is primarily reflected in the reduction of grain boundary semi-blocking properties.



Based on the previous research, Liu et al. [74] compared the effects of varying electric field strengths on the electrical properties of flash-sintered 3YSZ samples by measuring complex impedance spectra. The results, similar to those of conventional sintering, showed that FS leads to a decrease in grain boundary thickness. However, as electric field intensity increases, both the thickness and specific conductivity of grain boundaries increase. Specifically, when the current density is 110 mA/mm2 and the applied electric field is increased to 300 V/cm, the grain boundary thickness of the flash-sintered sample approaches that of the conventionally sintered sample. Additionally, experiments revealed an increase in the concentration of oxygen vacancies within the grains. Consequently, the authors proposed an alternative explanation based on the space charge layer model. The thickness of this layer depends not only on the concentration of oxygen vacancies within the layer but also on the concentration of oxygen vacancies in the grains. Assuming that the distribution of oxygen vacancy concentration remains constant and is independent of the concentration level, the thickness of the layer is proportional to the difference in concentration between the grain and the layer.



In the work conducted by Zhang et al. [75], 8YSZ samples were fabricated using current-restricted flash sintering (when the current reaches the set mark, the power supply switches from the voltage control stage to the current control stage). SEM images revealed that the microstructure exhibited a high level of density and a smaller grain size. Figure 3 displays the conductivity obtained from EIS analysis of the samples that were sintered at different isothermal furnace temperatures while being subjected to electric fields of 100 and 300 V/cm. Out of the samples, the one that was flash-sintered at a current density of 67 mA/mm2, under an electric field of 300 V/cm and a furnace temperature of 565 °C, showed a conductivity of 0.056 S/cm at 850 °C.



Aside from furnace temperature, the properties of flash-sintered materials are also affected by the intensity of the electric field. Mohebbi et al. [76] conducted a study on isothermal FS of 8YSZ at various electric field strengths ranging from 50–350 V/cm, with a maximum current density of 200 mA/mm2. They observed that the density of flash-sintered 8YSZ was not influenced by an electric field. Nevertheless, when subjected to an electric field strength of 350 V/cm, the crystal structure of 8YSZ underwent a phase change from cubic to tetragonal. FS improved the conductivity of 8YSZ in comparison to CS. The elevated concentration of oxygen vacancies in the flash-sintered samples has enhanced the conductivity at the grain boundaries. The conductivity of grain boundaries is determined by the space charge layer. The rapid increase in the concentration of oxygen vacancies in the space charge layer of flash-sintered samples enhances the conductivity of grain boundaries. In addition, the authors also listed another possible explanation that the formation of Frenkel defects reduces the activation energy required for grain conductivity. When subjected to an electric field of 80 V/cm, flash-sintered 8YSZ demonstrated a conductivity of 0.084 S/cm at a furnace temperature of 800 °C, while the conductivity of conventionally sintered samples was only 0.067 S/cm. The level of conductivity is suitable for its use as an SOFC electrolyte.



Zhang et al. [77] have shown that strip-shaped 20GDC specimens, which were compacted with a pressure of 470 Mpa, can be fully densified in just a few seconds at 545 °C using FS. They achieved this with an initial electric field strength of 20 V/cm, which is lower than the electric field strengths required for YSZ (30 V/cm for 8YSZ and 60 V/cm for 3YSZ) [72,78]. The power dissipation is 10 mW/mm3, which is the same as YSZ. As shown in Figure 4, as the magnitude of the external electric field increases, the grain size of GDC diminishes until it approximates the initial grain size of the raw material. The use of fine-grained GDC can enhance its mechanical performance as an SOFC electrolyte. The densification of electrolytes at low temperatures creates new possibilities and prospects for the advancement of nano-structured SOFC anode. Valdebenito et al. [79] applied FS to 10GDC tapes prepared by tape-casting and studied the influence of sintering parameters on the microstructure of the samples. The results showed that the initial electric field value required for FS of 10GDC is 100 V/cm, significantly higher than the critical electric field of 20GDC, reported as only 20 V/cm in previous studies. The authors hypothesized that the reason for this discrepancy may be the increased vacancy concentration, which reduces the critical electric field needed for FS to occur. Moreover, while the applied electric field influences the temperature at which FS takes place, it does not affect the densified structure of the sample. As the current density increases, so does the densification of the sample. For instance, under a constant electric field of 100 V/cm and with a current density of 220 mA/mm2 applied, a sample with 90% density can be achieved. Mishra et al. [80] conducted FS experiments on 10GDC under different atmospheres, namely air and Ar/5%H2. The results indicated that FS altered the electrical properties of GDC; the process activated n-type electrical conductivity associated with partial electrochemical reduction in GDC, and these changes were found to be partially retained after FS. Consequently, the authors proposed that the partial electrochemical reduction of the oxide, together with Joule heating, constitutes the triggering mechanism for the FS of GDC.



The application of SOFCs is limited by their operation at high temperatures, which highlights the importance of developing intermediate-temperature SOFCs as a significant trend [17,81]. In recent years, proton-conducting SOFCs (H+-SOFCs) have received significant attention for their ability to achieve high efficiency, high theoretical voltage, and low activation energy for conduction at medium to low operating temperatures [82,83]. BZCYYb, a potential electrolyte material for SOFCs, is known for its high proton conductivity and stability. However, achieving a relative density of 96% requires conventional sintering at 1550 °C for 15 h [71]. In a report by Jiang et al. [70], an improved DC sintering technique was proposed and applied to BZCYYb sintering, which involves limiting the current density to a certain value to adjust the sintering rate and extending the sintering time from seconds to an hour, as shown in Figure 5. When the electric field is 70 V/cm and the current density is 70 mA/mm2, this technique allowed for sintering at a lower furnace temperature of 850 °C for only one hour, resulting in full densification. Additionally, by controlling the current density and holding time, samples with the desired grain size could be obtained.



LSGM, although a promising electrolyte material for intermediate-temperature SOFCs, faces limitations in its sinterability, which prevents its wider application [84,85]. Sun et al. [69] employed current-restricted flash sintering to enhance the densification of LSGM, which restricts the electric current within a specific range and prolongs the duration of FS from a few seconds to several minutes or even hours. This process design mitigates concerns such as abrupt shrinkage, deformation, cracking, and other complications caused by current avalanches during flash sintering. At a current density of 90 mA/mm2 and an electric field strength of 100 V/cm, LSGM underwent FS at a furnace temperature of 690 °C, achieving a relative density of 97.4%. The material obtained at a furnace temperature of 800 °C had a conductivity of 0.049 S/cm, similar to that achieved through conventional sintering at 1400 °C. However, even when switched from voltage control to current control, sudden shrinkage still occurred and the power density increased significantly. Building upon the foundation of current-restricted flash sintering, Zhang et al. [86] proposed a stepwise current-limiting flash sintering technique (SCFS), which was successfully applied to the densification of LSGM. As illustrated in Figure 6, the current was initially set at 0.05 A and maintained for a duration of 100 s. Subsequently, it was increased to 0.1 A for a further 100 s, and this pattern continued until it reached the uppermost current limit of 1.3 A (the corresponding current density is 173 mA/mm2), which was maintained for 10 or 30 min. The findings demonstrated that LSGM samples, which were fabricated using a multi-step current-limiting FS technique, displayed enhanced density and a more homogeneous microstructure. Furthermore, their electrical conductivity was about equal to that of their conventionally sintered counterparts. SCFS exhibited exceptional controllability and has potential for utilization in large-scale SOFC manufacturing.




2.2.2. Anode


NiO-8YSZ composite materials are widely used as anode materials in SOFCs, and their conventional sintering requires temperatures ranging from 1400 to 1500 °C and several hours of incubation. FS can expedite the manufacturing process and lower production expenses. Bhandari et al. [87] employed FS to fabricate two distinct compositions of NiO-YSZ composites with varying NiO concentrations, utilizing two different sintering atmospheres. Sintering in air resulted in rapid densification within a few seconds, while sintering in a reducing atmosphere-conditioned FS resulted in the in-situ reduction of NiO to Ni metal but did not contribute to densification. Flash-sintered NiO-8YSZ composite anodes offer substantial energy and cost savings while allowing for the precise control of porosity through the manipulation of the electric parameters and sintering environment. Nevertheless, additional investigation and verification are necessary in order to comprehend their electrochemical and mechanical properties.



GDC exhibits higher conductivity than YSZ in the intermediate-temperature range [88,89]. Hence, NiO-GDC proves to be a more appropriate choice as an anode material for SOFCs operating at intermediate temperatures. Usuba et al. [90] effectively utilized the FS approach on NiO-GDC composite materials, which are extensively employed as anodes in intermediate-temperature SOFC. The researchers successfully achieved dense sintering of NiO-GDC at temperatures below 200 °C by applying an electric field of 50 V/cm and a current density of 260 mA/mm2. Flash-sintered NiO-GDC exhibited a notable enhancement in electrical conductivity compared to the conventionally sintered NiO-GDC mentioned in previous studies. Additionally, the electrical performance of flash-sintered NiO-GDC was found to be equal to that of conventionally sintered NiO-GDC samples sintered at 1500 °C. Nevertheless, the scientists stated that the current displayed preferential flow paths inside the samples instead of a uniform distribution, leading to different rates of shrinkage and causing microstructural non-uniformity.




2.2.3. Cathode


Lanthanum strontium cobalt ferrite (LSCF) is an essential cathode material for SOFCs due to its exceptional electrochemical catalytic and mixed ionic and electrical conductivity properties [91]. Gaur et al. [92] utilized FS on LSCF and exhibited that its high electrical conductivity enabled rapid sintering at furnace temperatures as low as 25–100 °C, with an electric field intensity ranging from 7.5–12.5 V/cm. Flash sintering, unlike conventional sintering, yields a uniform porous structure by manipulating specific parameters. Moreover, previous studies have confirmed that the addition of GDC to LSCF can improve polarization resistance and enhance cathode performance. In studies on FS of LSCF-GDC composites, LSCF underwent FS at temperatures as low as 45 °C under an electric field strength of 10 V/cm, while LSCF-GDC required 900 °C to initiate flash sintering. By adjusting the current density, it is possible to achieve a uniform porous structure that is well-suited for use in cathodic applications [93].




2.2.4. SOFC Multilayers


One of the key challenges in manufacturing SOFCs is the requirement for sintering processes that can achieve both densified electrolyte and porous electrode structures simultaneously [94,95]. Conventional co-sintering techniques often need high sintering temperatures, which promote densification but also lead to grain coarsening of the electrode structure [96,97]. Additionally, when co-sintering, the presence of stress mismatches across layers can result in deformation and delamination [98,99,100]. Therefore, there is a need for co-sintering methods that can function at reduced temperatures and shorter time periods, while simultaneously taking into account stress relief throughout the sintering process [101,102].



FS is a highly efficient process used to simultaneously sinter multiple layers of materials in SOFCs. The study conducted by Raj et al. [103] employed the FS technique to co-sinter multilayered materials, including an anode (a composite of YSZ and NiO) and an electrolyte (cubic zirconia). The results indicated that utilizing the FS technique at sintering temperatures lower than 1000 °C enabled the fabrication of samples that achieved electrolyte densification and anode porosity simultaneously. Furthermore, the FS technique effectively reduced and eliminated the cracks and delamination that are commonly caused by internal stresses during the conventional multilayer co-sintering process in SOFCs [104].



Liu et al. [105] introduced a novel sintering technique, the DC-assisted sintering technique (DC-AST), for fabricating NiO-YSZ|YSZ|LSM cells, as depicted in Figure 7. Previous studies have shown that 8YSZ can undergo fast sintering within seconds when exposed to a DC electric field of 150 V/cm at a furnace temperature of 750 °C [72]. However, when subjected to such elevated voltage and significant power usage, instantaneous shrinkage occurred, leading to uncontrollable collapse. The researchers postulated that the densification of the electrolyte film should occur gradually, making DC-assisted sintering techniques preferable. These techniques involve controlled, incremental, and moderate electrical currents. This approach has the benefit of preventing uncontrollable collapse. The article describes the effective fabrication of an anode with a suitable microstructure and a dense YSZ layer utilizing DC-assisted sintering at reduced temperatures. As shown in Figure 8, the grain size of DC-AST samples was only 440 nm. The constructed single cell demonstrated exceptional electrochemical performance, achieving maximum power densities of 0.8, 1.1, and 1.4 W/cm2 at temperatures of 650 °C, 700 °C, and 750 °C, respectively. The performance achieved through DC-assisted sintering surpassed that of conventional sintering, highlighting the potential effectiveness of DC-assisted sintering in the production of SOFCs.



The study conducted by Francis et al. [103] showed that multilayered materials consisting of a NiO-ZrO2 anode and a ZrO2 electrolyte layer could be flash-sintered in a few seconds at temperatures below a furnace temperature of 1000 °C. Figure 9 demonstrates that, unlike conventional sintering, there was a strong and seamless bonding between the anode and electrolyte layers, with no evidence of delamination. Under the effect of the electric field, the electrolyte and anode were connected in parallel, and the FS temperature of the multilayered material closely approached that of the anode layer. Moreover, the anode layer was responsible for the overall linear shrinkage rate of the multilayer. The FS process can be influenced by interactions between atoms and defects across different layers. Additionally, variations in the composition and structure of the multilayered material result in distinct electrical responses when subjected to an electric field. The FS behavior of multilayered materials cannot be simply predicted based on the behavior of individual layers. However, it is still highly effective in rapidly advancing the fabrication of SOFCs.



One of the main obstacles in the development of SOFC applications is dealing with carbon deposition [106,107]. The study conducted by Hao et al. [108] utilized FS to fabricate anode-supported SOFC single cells with La0.2Sr0.7TiO3 (LST), Ni and YSZ (LST-Ni/YSZ) gradient materials, which simultaneously possess coke resistance and high conductivity. As shown in Figure 10, the electrolyte layer, anode functional layer, cathode functional layer, and four anode support layers, A, B, C, and D (ASL-A, B, C, D), were securely fused together, preventing the deformation and delamination that is commonly experienced in conventional sintering methods. In contrast, with conventional sintering at a temperature of 1400 °C, the cell will deform toward the anode side because of the higher coefficient of thermal expansion of LST compared to NiO-YSZ. Prior to the electrolyte, the LST layer underwent densification, resulting in a porosity of less than 1%.



Muccillo et al. [109] utilized an AC electric field during the co-sintering process of a NiO-YSZ|YSZ|LSM single cell at a furnace temperature of 1200 °C. This led to a higher shrinkage rate of 26%, compared to the 15% achieved with conventional sintering. As shown in Figure 11, SEM images revealed that both the anode and cathode displayed a porous structure. The electrolyte is relatively dense, with some pores concentrated on the outer surface. FS resulted in a 63% reduction in the total electrical resistance of the single cell, as compared to conventional sintering.



GDC and LSCF are considered the most favorable electrolyte and cathode materials for SOFCs operating at intermediate temperatures [91]. Nevertheless, LSCF exhibits a significantly higher conductivity compared to GDC, with a difference of several orders of magnitude [93]. In order to address this problem, Ni et al. [110] employed FS to co-sinter LSCF/GDC bilayers. This research investigates the application of LSCF coatings of different lengths along the current direction, as shown in Figure 12. Specifically, only the LSCF in the GDC-LSCF-17 sample was electrically connected to the power source, while the LSCF in the other samples was detached from the power supply. The findings indicated that FS yielded tightly fused, dense GDC layers and porous LSCF layers, with a GDC density reaching 92.86% and an LSCF porosity of 52.26% observed in the GDC-LSCF-5 sample. The LSCF/GDC interface exhibited superior bonding and showed no signs of inadequate element diffusion or transverse cracks during the sintering process, in contrast to conventional sintering. This work successfully co-sintered multilayer ceramic materials with distinct conductivities using flash sintering. This approach offers a potential solution to address the issue of inconsistent sintering temperatures across different layers in multilayered materials for SOFCs.




2.2.5. Interconnect Coating


Interconnectors are vital elements that facilitate the passage of electric current between the cathodes and anodes of neighboring cells in SOFCs. In order to inhibit the corrosion of metal interconnects in both oxidizing and reducing conditions, ceramic coatings are often applied as protective layers [111]. Manganese cobalt oxide (Co2MnO4) exhibits a conductivity of 60 S/cm at 800 °C. This high conductivity makes it a highly suitable option for applying as a coating on interconnectors in SOFCs [112]. Conventional sintering processes usually require extended heating at a temperature of 1300 °C for several hours in order to achieve complete densification of Co2MnO4. However, Prette et al. [113] successfully accomplished FS of Co2MnO4 within seconds at a reduced furnace temperature of 325 °C by applying a DC field of 12.5 V/cm. To investigate the FS behavior of MnCo2O4 spinel, Gaur et al. [114] conducted a study indicating that MnCo2O4 can be rapidly sintered at temperatures between a furnace temperature of 120 °C and 150 °C using a voltage of 15.0 to 17.5 V/cm. This temperature range is significantly lower than the CS temperatures of over 1080 °C. Considering the microstructure, phase structure, and electrical conductivity, the author proposed that the mechanism of flash sintering in MnCo2O4 spinel is the natural ion rearrangement that occurs during flash accompanied by an increase in electrical conductivity. The authors have also elaborated on the local temperature range required for the sintering densification of the sample. This information is vital for the practical use of protective coatings in metal interconnects for SOFCs.



Compared to conventional sintering methods, FS offers numerous advantages in SOFC applications:




	
It accelerates the sintering process and lowers the sintering temperature, enabling ceramics to be processed together with metals or other materials;



	
It suppresses grain growth and satisfies the required mechanical properties;



	
It is a more straightforward and cost-effective alternative to conventional sintering.








However, the occurrence of hotspots and temperature gradients during the FS process poses a considerable challenge in attaining a consistent microstructure, hence impeding its industrial advancement to a great extent [115]. Consequently, FS has mostly been employed on small, rod-shaped samples in laboratory settings. It has been shown to be challenging to sinter larger samples with FS. In order to tackle the problem of uneven sintering, researchers have recently put forward other methods, such as incorporating small quantities of conductive phase, which have low activation energy, into the sample to increase the conductivity [116]. This helps to minimize temperature differences between the center and surface of the sample. Additional techniques include non-contact FS to avoid the need for direct contact between the electrode and sample, as well as multi-step current-limiting FS to regulate the flow of current and prevent the occurrence of localized high temperatures [117,118,119].






3. UHS


3.1. UHS Process and Mechanism


The classic high-temperature synthesis processes are commonly considered to be thermodynamically driven and operate continuously under equilibrium conditions [43,120]. This is a result of the gradual rates of heating and cooling. Consequently, products derived from conventional synthesis methods typically demonstrate the lowest Gibbs free energy and the most stable atomic configurations. To overcome the limitations imposed by thermodynamics in conventional high-temperature synthesis methods, researchers have redirected their attention toward materials synthesis techniques that are guided by kinetic principles [121]. There are two main methods for accomplishing this: one requires quickly creating high-temperature conditions within a short time frame, while the other permits materials to pass through a consistently hot area [122]. High-temperature Shock (HTS) synthesis is an innovative technique that utilizes the former approach and has the ability to achieve extremely rapid heating/cooling rates (>105 K s−1) [123]. Commonly used HTS techniques include Joule heating, laser heating, and microwave heating [124]. Hu et al. [43] introduced ultrafast high-temperature sintering (UHS), and they achieved successful sintering of alumina with a density of up to 96% and YSZ with a density exceeding 95% and a grain size of 265 ± 85 nm within seconds, as shown in Figure 13. This UHS method eliminates the need for pressure and effectively reduces the occurrence of side reactions. It has the ability to co-sinter various materials at the same time and sinter ceramic structures with complex geometries.



Since the report, researchers have persistently engaged in discussions and investigations concerning the mechanism of UHS. Based on experimental data and assumptions, the following mechanisms for the rapid sintering and densification of samples through UHS technology are proposed:




	
The passage of electric current through carbon cloth generates Joule heat, providing an ultra-high heating rate. This heat bypasses the low-temperature region, reducing particle coarsening and maintaining a high capillary driving force for sintering [43].



	
High sintering temperatures and rapid heating rates result in small particles with molten surfaces, which exhibit characteristics of rapid migration. This promotes grain rearrangement and accelerates densification [125].



	
The shorter processing time increases the number of defects, leading to a reduction in activation energy and an increase in conductivity, which in turn promotes sintering [126].









3.2. The Application of UHS in SOFCs


In recent years, researchers have started to investigate the utilization of UHS in the field of SOFCs. However, as this new technique was just invented recently, the majority of ongoing research is predominantly focused on the sintering of electrolyte materials.



Guo et al. [44] proposed that the carbon felt showed significant heat dissipation during the UHS heating process, and the measured temperature on the carbon felt surface was 200–250 °C lower than the actual temperature of the sample. This resulted in significant heat loss and impeded the densification of the sample. Dong et al. [127] addressed this problem by introducing a Thermally-insulated UHS (TI-UHS) process, as shown in Figure 14. This approach employed fiberboard insulation to limit the dissipation of heat in the carbon felt during the UHS sintering process. The TI-UHS method successfully produced a 99% dense and fine-grained 3YSZ within 60 s at 35 A, resulting in a 40% reduction in energy consumption compared to the UHS method. Wang et al. [128] synthesized 8YSZ by UHS and conducted a comparison with CS and FS. The findings demonstrated that UHS, as compared to CS, could attain a greater density of 8YSZ at the same sintering temperature and in a shorter duration. Additionally, the apparent activation energy for the densification of 8YSZ under UHS was lower than that under CS and FS.



Wu et al. [129] presented a new technique called UH-SPS, which combines the UHS and SPS techniques. This method utilizes tungsten wire heating instead of carbon felt. Translucent YSZ ceramics were effectively sintered utilizing UH-SPS, without experiencing problems such as blackening or carbon thermal reduction, which are typically observed when processing samples at temperatures above 1800 °C with carbon felt. Mattia et al. [130] utilized UHS to sinter 3YSZ nano-powder and prepared conventional sintered samples for comparison. Compared with conventionally sintered samples, 3YSZ processed by UHS exhibited a fine-grained structure, with the grain size reduced by more than 60% at an equivalent density. However, the grain boundary electrochemical response and the hardness of samples were found to be similar between UHS and conventionally sintered samples. The results indicate that UHS can refine the microstructure of the sintered body to a certain extent, yet it does not impact the hardness and grain boundary electrochemical properties. In addition, in order to examine the influence of static electric fields on YSZ sintering, the authors conducted conventional sintering both with and without the application of an electric field (where no current passed through the sample). The findings revealed that the electric field had only a minor effect on the microstructure and properties during sintering.



Alemayehu et al. [102] made an attempt to sinter GDC10 ceramics using UHS technology for the first time. Results revealed that modifying the heating profile of UHS to a multi-step gradient heating technique facilitated the efficient fabrication of GDC without any cracks or defects. The density achieved a level of 95%. In addition, a half-cell was prepared using GDC10 as the electrolyte and upper and lower LSF cathodes. The sintered electrolyte exhibited a high level of density, and no surface fractures were detected. Figure 15 illustrates a robust bonding between the electrode and the electrolyte interface with no evidence of delamination, indicating a significant potential of UHS for co-sintering multilayered materials in SOFCs.



Besides the electrolyte, there is also research showing the potential application of UHS in other materials for SOFCs. As shown in Figure 16, Guo et al. [131] applied UHS to a sinter cermet system composed using the Ni-based superalloy and YSZ, realizing high-density and homogeneous microstructures while minimizing the evaporation of Ni metal due to the reduced sintering time. The results demonstrated that the cermet composed of a Ni-based superalloy and YSZ, which was sintered using UHS, exhibited exceptional mechanical properties and high-temperature oxidation resistance. Furthermore, Guo et al. [132] investigated the application of UHS in the synthesis of LaCrO3 (LCO). As a promising interconnect material for SOFCs, due to its high melting point and exceptional stability at high temperatures, conventional sintering techniques typically require several tens of hours at high temperatures to achieve the desired density of LCO. Even with hot-press sintering, which reduces the time to two hours, prolonged holding times can result in Cr evaporation and increased energy consumption. The research findings indicate that the ultra-fast heating rate and extremely short sintering time of UHS promote the densification of LCO, which can reach 96%, while reducing the Cr evaporation.



The UHS equipment is characterized by its simplicity, user-friendly interface, and ability to achieve high heating rates and elevated maximum temperature thresholds, facilitating the densification of ceramics that are conventionally difficult to sinter. The UHS process is effectively managed through the precise regulation of current in order to control the heating rate and temperature. Importantly, unlike FS and SPS, UHS can conduct sintering on numerous samples at the same time and fabricate samples with complex forms. Although the present application of UHS in SOFCs is limited, it signifies a novel method for the fabrication and improvement of critical materials in SOFCs.





4. Current Progress and Other Applications


Taking YSZ, one of the most widely used and mature electrolyte materials, as an example, Table 2 compares UHS and FS with other sintering methods. It presents the density, grain size, and conductivity of YSZ samples obtained by different sintering techniques. Subsequently, Table 3 extends this comparison to GDC material, presenting similar comparative data for GDC samples obtained by the same array of sintering methods. In addition to the above advantages, fast sintering techniques such as FS and UHS can also reduce the loss of volatile elements and limit the interdiffusion of elements in multilayered materials. These aforementioned benefits render UHS and FS highly suitable for the advancement of key SOFC materials with great potential for practical use. It is worth noting that, in addition to FS and UHS, a recently proposed method known as electron-beam radiation-assisted synthesis has also emerged as a new avenue for ceramic synthesis. This method uses a powerful electron beam as a heater to sinter oxide powders, with a sintering duration of just 1 s [133,134]. Electron beam-assisted synthesis technology is both economical and efficient, and it holds significant potential for development and application in the field of SOFCs.



UHS and FS are innovative techniques for ceramic sintering that utilize electric current and have gained considerable interest in recent times. UHS enables the rapid synthesis and sintering of a variety of materials, with sintering temperatures up to 3000 °C achieved in an exceedingly short time frame. This feature is particularly beneficial when integrated with 3D printing technology, providing innovative approaches for creating complex geometries and developing new materials. For instance, UHS has been applied to 3D-printed 3YSZ components, specifically spiral-shaped disk components with a diameter of 10.1 mm and a thickness of 3.1 mm, for both thermal de-binding and densification processes [46]. This process is performed in a single step following the initial chemical degreasing phase. Additionally, researchers have proposed a novel Powder medium-based UHS approach (P-UHS) for heating spiral-shaped, honeycomb, and heat exchanger tube structure alumina samples, which are cylindrical in shape and have dimensions of Φ 9 mm × 9 mm. In the P-UHS setup, the sample is completely embedded in the graphite powder bed, the two electrodes are inserted into the graphite powder, and a DC power supply is connected. Similar to graphite felt, the graphite powder used in P-UHS effectively serves as both a heater and a thermal insulator [140]. It is demonstrated that UHS is indeed suitable for heating additively manufactured porous components.



Meanwhile, FS significantly reduces sintering time and temperatures by applying electrical fields and currents, and it improves material properties via the control of electrical parameters. Current efforts are focused on deepening the understanding of their underlying fundamental mechanisms, accelerating the research and development of new materials, enhancing energy efficiency, and merging with other cutting-edge technologies. For instance, contactless FS using cold plasma represents a scalable and energy-efficient sintering method [141], while Water-assisted Flash Sintering (WAFS) opens new pathways for low-temperature sintering [142]. Flash-SPS technology represents a densification method that achieves high heating rates under pressure, resulting in samples with superior mechanical and dielectric properties, including thinner grain boundaries, compared to those prepared by SPS [143]. Combining UHS with Reactive Cold Sintering (RCS) presents an effective method for producing highly dense and fine-grained MgAl2O4 ceramics [144].



UHS, despite its relatively nascent development, is already finding applications across various fields. It is currently utilized in the production of SOFC, solid electrolytes [145,146], polymer-derived ceramic nanocomposites (PDC-NC) [147], thermal barrier coating materials [41,148,149], thermoelectric nanomaterials [150], metal and alloy materials [151], biomaterials [152], and quartz glass [153], etc. FS, with its broad applicability, extends beyond SOFCs and solid electrolytes [154] to include semiconductor materials [55], metallic-like conductors such as borides, nitrides, and carbides of transition metals [113], armor [155,156], biomaterials [157,158], the joining of dissimilar materials [159,160], and nuclear fuel [161,162,163]. Notably, in the nuclear fuel sector, preliminary experiments have demonstrated the capability of FS technology to produce high-density nuclear fuels at significantly lower temperatures than those required for conventional sintering processes [161]. Although these two techniques have already had a considerable research foundation and have been used in the preparation of various materials, the sintering mechanisms of FS and UHS remain incompletely understood due to their relatively short period of development. Furthermore, the technology has not yet achieved mass production standards due to an immature process flow, high costs, and the need for improved product yield. In light of the ongoing worldwide environmental crisis, FS/UHS technology plays a significant role in promoting the development of SOFCs. However, additional research and investigations are necessary to meet practical requirements.




5. Challenges and Future Perspectives


Technical and Operational Challenges:




	
Process Control Precision: Achieving consistent and uniform outcomes with FS and UHS is complicated by the need for precise control over electric fields, temperature, and sintering atmosphere. This variability often results in non-uniform material properties, underscoring the need for advanced mechanistic insights and optimization strategies. Future research should aim to understand the physicochemical interactions and phase transformations during sintering, focusing on the dynamics of fast heating and cooling and the impact on material defects and microstructures under non-equilibrium conditions.



	
Material Compatibility and Diversity: Both FS and UHS encounter limitations with specific ceramics and composites, necessitating broader exploration of materials that are amenable to fast sintering processes without sacrificing structural integrity. Addressing this challenge involves developing new ceramic composites and coatings optimized for these sintering technologies, with enhanced ionic conductivities, mechanical properties, and thermal stabilities.



	
Scalability for Industrial Production: Scaling FS and UHS to industrial levels presents significant challenges, particularly in ensuring uniform treatment of larger or complex-shaped components and maintaining process stability. Investigating scalable sintering solutions that can adapt FS and UHS for large-scale manufacturing is crucial. Collaborative efforts between academia, industry, and equipment manufacturers are pivotal in this regard.








Equipment and Economic Considerations:




	4.

	
Specialized Sintering Equipment: The requirement for advanced sintering systems capable of managing ultrafast heating rates and achieving high temperatures contributes to the cost and complexity of FS and UHS. Future pathways include the integration of these sintering techniques with additive manufacturing technologies, which could revolutionize SOFC component design and fabrication by enabling complex geometries and tailored microstructures for enhanced performance.




	5.

	
Cost-Effectiveness and Energy Efficiency: The economic viability of FS and UHS in SOFC production hinges on balancing the initial investment in specialized equipment against the potential energy savings and improved efficiency from reduced sintering times. Emphasizing sustainable manufacturing practices that reduce the energy footprint of SOFC production aligns with global sustainability goals, urging further quantification of the environmental and economic impacts of these technologies.









Innovative Pathways for Technological Integration and Process Innovation:




	6.

	
Synergy with other processes and hybrid sintering techniques: Exploring FS and UHS in conjunction with other emerging sintering technologies could provide balanced solutions to existing challenges. This approach promises uniform material properties, reduced thermal gradients, and improved densification outcomes, marking a transformative era for SOFC fabrication.










6. Conclusions


This review explores FS and UHS, which play a critical role in advancing SOFC technology. FS and UHS, as novel sintering methods, offer significant reductions in sintering time and temperature, marking a shift towards more efficient, less energy-intensive SOFC production and enabling innovative material and component designs.



Transitioning from lab to industry presents hurdles including process control, material compatibility, and scalability, highlighting the need for deeper mechanistic insights. Integrating these sintering techniques with other techniques could further revolutionize SOFC fabrication but requires overcoming technical and compatibility challenges.



Future research must focus on understanding sintering mechanisms, exploring FS and UHS integration with new materials, and enhancing process scalability and commercial feasibility. Such efforts could lead to efficient, cost-effective SOFC production, demanding collaboration among researchers, engineers, and industry players to exploit these technologies’ full potential, setting the stage for next-generation energy solutions.
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Figure 1. Schematic diagram of the operating principle for SOFCs. 






Figure 1. Schematic diagram of the operating principle for SOFCs.



[image: Applsci 14 03953 g001]







[image: Applsci 14 03953 g002] 





Figure 2. Sketches of different typical field-assisted and current-assisted sintering processes: (a) spark plasma sintering, (b) microwave sintering, (c) ultrafast high-temperature sintering, (d) flash sintering. ((a,d) reproduced from [39] with permission from Elsevier, (b) reproduced from [40], (c) reproduced from [41] with permission from Elsevier). 
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Figure 3. Arrhenius plot of ionic conductivities of the current-limiting flash-sintered 8YSZ samples (a) under the electric field of 100 V/cm, (b) under the electric field of 300 V/cm. (Reproduced from [75] with permission from Elsevier). 
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Figure 4. SEM of the samples sintered with or without (0 V/cm) the application of an electrical field. (a) 0 V/cm, (b) 20 V/cm, (c) 30 V/cm, (d) 40 V/cm, (e) 50 V/cm, and (f) 70 V/cm. (Reproduced from [77] with permission from Elsevier). 
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Figure 5. Schematic of DC-sintering device. (Reproduced from [70] with permission from Elsevier). 
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Figure 6. Time dependence of (a) different limited current density and applied electric field, (b) power dissipation of LSGM samples during SCFS process. (Reproduced from [86] with permission from Elsevier). 
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Figure 7. Illustration of a DC-assisted sintering device. The current radiates from the central part of the electrolyte to the edge. (Reproduced from [105] with permission from Elsevier). 
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Figure 8. Grain size with (a) DC-assisted sintering and (b) conventional sintering. (Reproduced from [105] with permission from Elsevier). 
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Figure 9. Micrographs of the cross sections of conventionally sintered and flash-sintered specimens of multilayers. (Reproduced from [103] with permission from John Wiley and Sons). 
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Figure 10. SEM images of an LST–Ni/YSZ FGA-supported SOFC obtained by FS. (a) Cross-section of the anode and YSZ electrolyte, (b) magnification of the labeled part of (a). (Reproduced from [108] with permission from Elsevier). 
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Figure 11. SEM image of a cross-section of a planar unitary three-layer cell after FS with 310 V/cm, 1 kHz, 1 A, for 5 min at 1200 °C. (Reproduced from [109] with permission from John Wiley and Sons). 
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Figure 12. The setup of FS with different samples: GDC, GDC-LSCF-17, GDC-LSCF-10, and GDC-LSCF-5. (Reproduced from [110] with permission from Elsevier). 
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Figure 13. Pictures of various ceramics sintered by the UHS technique in ~10 s. (Reproduced from [43] with permission from the American Association for the Advancement of Science). 
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Figure 14. The schematic of (a) UHS setup and (b) TI-UHS setup. (Reproduced from [127] with permission from Elsevier). 
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Figure 15. Electrode and electrolyte multilayered materials obtained by UHS multistep process. (Reproduced from [102] with permission from Elsevier). 
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Figure 16. SEM and EDS mapping of the cermet composed of Ni-based superalloy and YSZ (1:4 in volume) sintered by the ultrafast method. (a) SEM image of sintered cermet, (b) EDS mapping of the sintered cermet, (c) EDS mapping of Ni, (d) EDS mapping of Zr, (e) EDS mapping of Y, (f) EDS mapping of O. (Reproduced from [131] with permission from Elsevier). 
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Table 1. Comparison of conventional sintering with other fast sintering techniques.
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	Sintering Technique
	Major Mechanism
	Typical Heating Rate (°C min−1)
	Typical Dwelling Time (min)
	Typical Process Advantages
	Major Limitations
	References





	CS
	The furnace transfers heat to the sample through radiation, conduction, and convection.
	1–10
	>120
	Simple equipment, with no restrictions on sample size and shape.
	Time-consuming and energy-consuming. Samples exhibit coarse grains. Restricted low melting point materials that can be co-processed with the ceramic.
	[39,49]



	MWS
	The materials absorb microwave energy to provide volumetric heating.
	100
	<10
	Uniform heating, low energy consumption, the ability to sinter complex-shaped samples. Samples exhibit uniform microstructure, high density, and excellent mechanical properties.
	The equipment is complex, and the process requires microwave absorption properties of the materials or uses susceptors. Utilizing the dielectric loss of the material to heat the sample.
	[36,37,50]



	SPS
	The electric current generates Joule heating within the sample.
	102–103
	<20
	Low sintering temperature, fast speed, and high efficiency. Samples exhibit high density and fine grain size.
	The equipment is complex and expensive, pressure-assisted, and has limitations in part dimension and geometries.
	[31,51]



	FS
	The electric current generates Joule heating within the sample. Promotion of the ion diffusion depending on the material system.
	103–104
	<1
	Fast sintering speed, fine-grained samples.
	The sample was simple in shape and limited in size. The process usually requires expensive Pt electrodes and preheating, and depends strongly on the electrical characteristics of the material. Heterogeneous microstructure.
	[52,53]



	UHS
	The electric current generates Joule heating within the carbon felt, which is then transferred to the sample through thermal radiation and conduction.
	103–104
	<1
	Simple equipment, rapid heating rate, and the ability to sinter complex shapes or layered materials.
	It cannot be used for sintering materials requiring oxidizing atmosphere, and the temperature control of carbon felt is inadequate.
	[43]










 





Table 2. Properties of YSZ samples obtained from different sintering techniques.
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Sintering Method

	
Material

	
Sintering Temperature (°C)

	
Dwelling Time

	
Other Sintering Parameters

	
Average Grain Size (μm)

	
Density (%)

	
Conductivity at 850 °C (S/cm)

	
References






	
CS

	
8YSZ

	
1500

	
12 h

	
/

	
12

	
97.5

	
0.051

	
[135]




	
SPS

	
8YSZ

	
1100

	
480 s

	
Applied pressure: 110 MPa

	
0.21

	
96

	
0.057

	
[135]




	
MWS

	
8YSZ

	
1500

	
/

	
Power: 1.1 kW

Frequency: 2.45 GHz

	
0.9

	
98

	
0.036

	
[136]




	
FS

	
8YSZ

	
565 (furnace temperature)

	
600 s

	
Electric field: 300 V/cm

Current density: 67 mA/mm2

	
0.2

	
96

	
0.056

	
[75]




	
UHS

	
3YSZ

	
1755

	
60 s

	
Current: 35 A

Carbon felt: 80 × 30 × 5 mm3

	
0.18

	
99

	
/

	
[127]




	
8YSZ

	
1439

	
120 s

	
Current: 13 A

Carbon felt: 40 × 9.5 × 4 mm3

	
1.9

	
98.6

	
/

	
[128]











 





Table 3. Properties of GDC samples obtained from different sintering techniques.
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	Sintering Method
	Material
	Sintering Temperature (°C)
	Dwelling Time
	Other Sintering Parameters
	Average Grain Size (μm)
	Density (%)
	Conductivity at 600 °C (S/cm)
	References





	CS
	10GDC
	1500
	10 h
	/
	1.2
	95
	~0.008
	[137]



	SPS
	10GDC
	980
	300 s
	Applied pressure: 50 MPa
	~0.2
	98
	~0.01
	[138]



	MWS
	10GDC
	1500
	/
	Maximum power: 5 kW

Frequency: 2.5 GHz
	0.9
	95
	~0.05
	[139]



	FS
	10GDC
	600 (furnace temperature)
	120 s
	Electric field: 100 V/cm

Current density: 13.5 mA/mm2
	0.2
	98.9
	0.013
	[65]



	UHS
	10GDC
	>1500
	360 s
	Current: stepwise to 25 A

Carbon felt: 30 × 20 × 6 mm3
	/
	95
	/
	[102]
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