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Abstract

:

In this work, hierarchically porous SiC ceramics were prepared via the foaming method. Porous ceramics with tunable, uniform, and bimodal pore structures were successfully fabricated in a facile way. The formation mechanisms of the 1st and 2nd modal macropores are the H2O2 foaming process and SiC particle overlap, respectively. The effect of pore-foaming agent amount, foaming temperature, and surfactant was investigated. According to the results, with increasing H2O2 amount, the porosity, pore size, and interconnectivity of the 1st modal pores increased, whereas bulk density and strength decreased. The porosity increased while the strength decreased as the foaming temperature increased. Surfactants increased pore interconnectivity and porosity. When the foaming temperature was 85 °C, and the addition of H2O2 was 5 wt.%, the porosity, bulk density, flexural strength, and compressive strength were 56.32%, 2.8301 g/cm3, 11.94 MPa, and 24.32 MPa, respectively. Moreover, SiC porous ceramics exhibited excellent corrosion resistance to acids and alkalis.
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1. Introduction


SiC porous ceramics are a kind of “green functional material”. Due to their high porosity, low bulk density, large specific surface area, good permeability, easy cleaning and regeneration, high temperature resistance, thermal shock, corrosion, and mass loading [1,2,3,4,5], SiC porous ceramics have shown promising applications in many fields, such as catalyst carriers, gas-liquid filtration, thermal insulation, biomaterials, and sensors [6,7,8,9,10].



The primary characteristic of porous ceramics is their porous structure, which has a significant impact on their applications. In recent years, there has been an increasing demand for the versatility of porous materials, resulting in the development of multi-scale and multi-level porous structures. Due to their ability to perform multiple tasks simultaneously, such materials are widely used in catalytic carriers, high-temperature gas filtration, supercapacitors, porous burners, etc. [11,12,13,14]. Therefore, to achieve versatility, it has been necessary to develop porous structures with both high porosity and different pore sizes.



Currently, the fabrication of porous ceramics with hierarchical porous structures typically requires multiple steps, such as introducing micro/mesostructures into a preformed macroporous skeleton structure. Accordingly, in addition to the preparation of the macroporous skeleton, several other processes are employed to introduce the hierarchically porous structure, including the growth of one-dimensional nanostructures [15], coating [16], etching [17], and the use of preceramic polymers [18], which undoubtedly increase the cost and complexity of the preparation process. Therefore, it is still highly desirable to develop porous ceramics with hierarchically porous structures in a simple manner.



In contrast, conventional methods for fabricating SiC porous ceramics, such as replica [19,20], sacrificial template method [21,22], and the foaming method [23], are simpler and easier to perform. Among them, the foaming method, which was invented by Sundermann in 1973 [24], has attracted widespread attention due to its simple and straightforward operation. The basic principle is that inorganic or organic chemical substances (foaming agents) are added to the ceramic components to generate volatile gas bubbles by physical, chemical, and mechanical stirring methods, which are then dried and sintered to produce porous ceramics. However, it is primarily suitable for preparing porous ceramics with closed pores. During the foaming process, drainage of the liquid film can lead to foam instability and aggregation [25], resulting in non-uniform pore size and blank collapse. To solve this problem, a three-dimensional network gel is formed by introducing organic monomers into an in-situ polymerization reaction, allowing the ceramic foam slurry to be rapidly cured into a porous ceramic blank with high strength [26,27,28]. Han [29] fabricated Si3N4/SiC porous ceramics by foam-gelcasting with a porosity of 68.54 ± 0.73%. The flexural and compressive strengths were 5.28 ± 0.17 MPa and 12.86 ± 1.55 MPa, respectively. Wu [30] prepared porous ceramics with porosity up to 80.1% by the gelcasting method. However, the porous ceramics fabricated by the foaming method only have monomodal porous structures, which does not allow for the preparation of hierarchically porous structures. It is expected that SiC porous ceramics with hierarchically three-dimensional interconnected open porous structures can be prepared by the foaming method.



In this work, hierarchically porous SiC ceramics with combined structures and functions were prepared by the foaming method. These ceramics have a uniform porous structure, controllable pore size, low cost, and high strength. The effect of pore-foaming agent amount, foaming temperature, and SDS was investigated in detail.




2. Materials and Methods


2.1. Materials


Commercial α-SiC powders (d50 = 0.45 μm, 99% purity) were purchased from Yonghao silicon carbide micro powder Co. Ltd., Weifang, China. Acrylamide (AR), N’N’-methylenebisacrylamide (AR), ammonia solution (25 wt.%), H2O2 (30 wt.%), and sodium dodecyl sulfate (AR) were purchased from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China. Sucrose (CR) was purchased from Sigma-Aldrich (St. Louis, MO, USA) [31]. All chemicals were used as received.




2.2. Preparation of SiC Porous Ceramics


Firstly, the raw materials SiC, acrylamide, N’N’-methylenebisacrylamide, sucrose, ammonia solution, and deionized water were mixed by ball milling at a mass ratio of 250:12.5:1:25:3.75:72.5 for 4 h. Nylon ball milling jars with grinding media of Al2O3 balls were used, and the speed was 20 r/min. Then, a certain mass (5 wt.%, 7.5 wt.%, 10 wt.%, 12.5 wt.%, 15 wt.% relative to the mixed SiC slurry) of hydrogen peroxide (H2O2) and sodium dodecyl sulfate (SDS, surfactant) was added. After mixing uniformly, the mixed slurry was poured into a mold, foamed, and dried at 75 °C, 85 °C, and 95 °C, respectively. Finally, SiC porous ceramics were sintered at 2000 °C under an Ar atmosphere with a heating rate of 5 °C/min and a holding time of 30 min.




2.3. Properties Testing and Characterization


The morphology and microstructure of SiC porous ceramics were analyzed by scanning electron microscope (SEM) (JEOL JSM-6510A, Tokyo, Japan). The physical phase analysis was performed by X-ray diffractometer (X’Pert Pro NPP, Panalytical, Almelo, The Netherlands), with a Cu target (accelerating voltage and current intensity of 45 kV and 40 mA, respectively), and scanning angle (2θ) of 10~90° with a scanning step of 0.033°.



The bulk density of ceramics was measured using Archimedes’ principle, and water was used as a liquid medium [32,33]. The bulk density was calculated via the following equation:


  ρ =    m 1     m 3  −  m 2     ρ   H 2  O    



(1)




where m1 is the dry weight of materials (g), m2 is the weight of materials immersed in water (g), m3 is the weight of materials suspended in water (g), and    ρ   H 2  O     is the density of water (g/cm3).



The porosity was measured by the mass-volume method. The porous ceramic samples were fabricated into regular shapes to measure their size and volume. The porosity was calculated by the following equation:


  P =  (  1 −  m  V  ρ S     )  × 100 %  



(2)




where m is the mass of samples (g), V is the volume of samples (cm3), and ρS is the density of SiC dense ceramics (g/cm3).



The mechanical properties of materials were measured by the microcomputer-controlled electronic universal testing machine (CMT5105, New Sansi Enterprise Development Co., Shanghai, China) with a loading rate of 1 mm/min. The samples were fabricated in a rectangular shape with a dimension of 5 mm × 10 mm × 10 mm for the strength test.



The corrosion resistance of SiC porous ceramics was evaluated by measuring the loss rate of strength and weight after corrosion by acid and alkali solutions. Herein, the polished samples were put into a corrosive solution with 20 wt.% H2SO4 or 1 wt.% NaOH, heated to boiling, and held for 1 h. Subsequently, the samples were washed and dried, after which their residual flexural strength and weight loss were measured.





3. Results and Discussion


3.1. Physical Phase Analysis of SiC Porous Ceramics


XRD physical phase analysis of sintered SiC porous ceramics was performed, and the results are shown in Figure 1. It can be seen that the primary phase of sintered porous ceramics was SiC, indicating that the organics in the green body had completely decomposed after high-temperature sintering.




3.2. Effect of H2O2 Addition on the Pore Structure of SiC Porous Ceramics


The microstructures of SiC porous ceramics with different H2O2 additions are shown in Figure 2. Interestingly, there were two series of macropores discernible in the SiC ceramics fabricated by the foaming method, forming unique hierarchically macroporous structures: these are the 1st modal macropores with pore sizes ranging from 0.5 to 3 mm and the 2nd modal pores with pore size approximately 2 μm. To our knowledge, the conventional foaming approach often produces a monomodal porous structure [34,35]. In contrast, SiC porous ceramics with a hierarchically macroporous structure, as reported here, were obtained in a facile way.



The formation mechanism of these hierarchically porous structures was that H2O2 decomposed and formed air bubbles, which were fixed in the body by thermally initiated gelation of acrylamide, forming 1st modal pore structures. The 2nd modal pore structures were formed by SiC particles overlapping each other. The porous structure formation mechanism is schematically shown in Figure 3.



The 1st modal pore size was associated with H2O2 additions. At low H2O2 content, the 1st modal pores were less uniform and smaller in pore size (Figure 2(a-1)), whereas higher amounts of H2O2 resulted in porous ceramics with much more uniform porous structures and larger pore sizes (Figure 2(b-1),(c-1)). With the increase of H2O2 additions, the amount of gas produced in the foaming process increased, leading to an increase in porosity and 1st pore size, as well as an enhancement of pore connectivity. The uniformity of the porous structure decreased as the H2O2 content further increased to more than 12.5 wt.%, and the pore morphology became irregular (Figure 2(d-1)–(e-1)). H2O2 additions had no effect on the 2nd modal pore size (Figure 2(a-2)–(e-2)).



Figure 4 shows the effect of H2O2 additions on porosity and bulk density. It can be seen that, with the increase of H2O2 additions from 5 wt.% to 12.5 wt.%, the foaming process became more intense, and the volume of gas produced increased, which led to a decrease in bulk density and an increase in porosity in the SiC porous ceramics. However, when more than 12.5 wt.% H2O2 was added, the number and volume of bubbles increased dramatically due to the excessive gas generated, which led to the phenomenon of gas overflow and bubble merging, resulting in a non-obvious increase in porosity. The maximum porosity of 84.1% was obtained when H2O2 was added at 15%, where the bulk density was 1.3068 g/cm3.



Figure 5 shows the effect of H2O2 additions on the mechanical properties of SiC porous ceramics. It was demonstrated that, with increasing H2O2 content, due to its increased porosity, the internal structure gradually loosened and the relative density decreased, leading to a decrease in the flexural and compressive strength of SiC porous ceramics. According to Ryskewitsch’s empirical formula [36] and Breny and Green’s research [37], strength is determined by porosity, with high porosity resulting in low strength. When 5 wt.% H2O2 was added, the mechanical properties of the obtained SiC porous ceramics were optimal, where the porosity, bulk density, flexural strength, and compressive strength were 56.32%, 2.8301 g/cm3, 11.94 MPa, and 24.32 MPa, respectively.



Table 1 shows the relationship between H2O2 amounts and strength loss rate after acid/alkali corrosion. It can be seen that the SiC porous ceramics exhibited excellent resistance to acid and alkali corrosion with a strength loss rate of only 0.83–3.85%. Moreover, as the amount of foaming agent increased, the flexural strength loss rate of SiC porous ceramics after acid and alkali corrosion gradually increased. This was due to their porosity being proportional to the H2O2 amount, and the high porosity increased the contact area between acid and alkali corrosive agents and SiC porous ceramics, thereby increasing corrosion.



Furthermore, the strength loss rate of the SiC porous ceramics after alkali corrosion was higher than that after acid corrosion, indicating that their resistance to acid corrosion was better than that to alkali corrosion. SiC has difficulty reacting with acids and alkalis, but it finds it extremely easy to react with oxygen to form SiO2; therefore, its surface usually has a protective film of SiO2. The presence of a SiO2 protective film prevents O2 from further reaction with internal SiC. Only when this SiO2 film is destroyed will the internal SiC continue to be oxidized. In general, sintered samples contain very small amounts of SiO2, so they react easily with alkaline substances. In alkaline conditions, SiO2 reacts with NaOH as follows:


SiO2 + NaOH→NaSiO3 + H2O



(3)







The SiO2 film is destroyed, allowing the oxidation of SiC to proceed further, while the resulting SiO2 will continue to interact with alkali, and this process will continue in a cyclic manner, resulting in a decrease in the strength of the samples. In contrast, SiO2 is an acidic substance that is relatively stable in an acidic environment. Therefore, SiC porous ceramics exhibit different strengths and weight loss rates after acid and alkali corrosion.




3.3. Effect of Foaming Temperature on SiC Porous Ceramics


The microstructures of SiC porous ceramics with different foaming temperatures are shown in Figure 6. As can be seen, both pore uniformity and pore size were affected by the foaming temperature. When foaming at a lower temperature of 75 °C, the gas generation speed was low due to the slow decomposition of H2O2. Meanwhile, the gelation time was extended, making the bubbles prone to merging and non-uniformity. As the foaming temperature increased to 85 °C, the speed of gas generation and gelation was fast, which allowed a large number of bubbles to be generated and quickly fixed in the blanks before they merged, resulting in the porous structures with uniform and high porosity. When the foaming temperature was further increased to 95 °C, due to the high temperature making H2O2 violently decompose, a large amount of gas was generated in a short time, resulting in the merging of bubbles and the collapse of blanks, which finally causes non-uniform porous structures.



The properties of the SiC porous ceramics are shown in Table 2. With the increase in foaming temperature, the porosity increased, and the bulk density, flexural strength, and compressive strength decreased. This was due to the higher foaming temperature; the faster foaming agent decomposed in the slurry, resulting in increased porosity and decreased strength.




3.4. Effect of Surfactant on SiC Porous Ceramics


SEM images of the SiC porous ceramics with different amounts of surfactant (SDS) are shown in Figure 7. As can be seen, the addition of SDS increased the three-dimensional interconnectivity of the 1st macropores, while the pore size decreased. Foam is a thermodynamically unstable system. In liquids, gas can typically be dispersed into fine bubbles. However, due to their high surface energy and low density, the gases will rise and escape from the liquid surface. The surfactants reduced the gas-liquid interfacial tension and formed a double layer of adsorption on the liquid film of the bubbles, inhibiting the thinning and rupture of the bubbles and reducing the escape of the bubbles. Through the mutual attraction between the surfactant and lipophilic groups, the strength of the double-layer adsorption film and the viscosity of the liquid in the liquid film increased, increasing the stability of the foam system [38,39].



Table 3 shows the properties of the SiC porous ceramics with different amounts of SDS. It can be seen that the addition of SDS increases the porosity and decreases the flexural and compressive strength of SiC porous ceramics.





4. Conclusions


(1) In this work, SiC porous ceramics with homogeneous and tunable pore structures were fabricated by the foaming method. Interestingly, there were two series of macropores in the obtained porous ceramics, namely, large pore structures with pore sizes between 0.5 and 3 mm and small pore structures with pore sizes of about 2 μm. The primary phase of SiC porous ceramics was SiC.



(2) With the increase of H2O2 additions, the porosity, 1st mode pore size, and pore structure connectivity increased, while the bulk density and mechanical strength decreased. The optimal mechanical properties of the SiC porous ceramics were obtained by adding 5 wt.% H2O2, and the resultant porosity, bulk density, flexural strength, and compressive strength were 56.32%, 2.8301 g/cm3, 11.94 MPa, and 24.32 MPa, respectively. SiC porous ceramics showed excellent resistance to acid/alkali corrosion, with only 0.83–3.85% loss of strength after acid/alkali corrosion.



(3) As the foaming temperature increased, the porosity increased, and the mechanical strength decreased. When the foaming temperature was 85 °C, a homogeneous pore structure was obtained. Surfactants were beneficial for improving pore connectivity and porosity.







Author Contributions


Conceptualization, J.Z.; formal analysis, X.B.; investigation, X.B.; resources, H.R. and Z.Y.; data curation, Y.Y.; writing—original draft preparation, J.Z., writing—review and editing, J.Z.; supervision, D.S. and Z.Y; project administration, D.S.; funding acquisition, Z.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Research Project of Liaoning Provincial Educational Department, grant number LJKMZ20220590 and Natural Science Foundation of Liaoning Province grant number 2019-BS-203.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing did not apply to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Jiang, Q.; Xie, Y.; Ji, L.; Zhong, Z.; Xing, W. Low-temperature sintering of a porous SiC ceramic filter using water glass and zirconia as sintering aids. Ceram. Int. 2021, 47, 26125–26133. [Google Scholar] [CrossRef]

	



Siddharth; Jana, P.; Dietrich, S.; Roy, S. Effect of SiC particle size on the strength and stiffness of porous Si3N4–SiC composites fabricated via a low-temperature sintering process. Mater. Sci. Eng. A 2023, 864, 144614. [Google Scholar] [CrossRef]

	



Liang, X.; Li, Y.; He, Z.; Yan, W.; Tan, F.; Wang, Q.; Zhu, T.; Sang, S. The effect of cellular structure on the strength and combustion properties of SiC porous ceramics. Ceram. Int. 2021, 48, 2538–2545. [Google Scholar] [CrossRef]

	



Zhang, B.; Huang, H.; Lu, X.; Xu, X.; Yao, J. Fabrication and properties of SiC porous ceramics using a polyurethane preparation process. Ceram. Int. 2018, 44, 16589–16593. [Google Scholar] [CrossRef]

	



Fan, Z.D.; Wei, C.H.; Yu, L.H.; Xia, Z.; Cai, J.S.; Tian, Z.N.; Zou, G.F.; Dou, S.X.; Sun, J.Y. 3D Printing of Porous Nitro-gen-Doped Ti3C2 MXene Scaffolds for High-Performance Sodium-Ion Hybrid Capacitors. ACS Nano 2020, 14, 867–876. [Google Scholar] [CrossRef] [PubMed]

	



Dong, B.; Min, Z.; Guan, L.; Zheng, X.; Wang, L.; Wang, Q.; Yin, C.; Wang, Y.; Zhang, R.; Wang, F.; et al. Porous mullite-bonded SiC filters prepared by foaming-sol-gel-tape casting for high-efficiency hot flue gas filtration. Sep. Purif. Technol. 2022, 295, 121338. [Google Scholar] [CrossRef]

	



Han, F.; Zhong, Z.; Yang, Y.; Wei, W.; Zhang, F.; Xing, W.; Fan, Y. High gas permeability of SiC porous ceramics reinforced by mullite fibers. J. Eur. Ceram. Soc. 2016, 36, 3909–3917. [Google Scholar] [CrossRef]

	



Xue, F.; Zhou, K.; Wu, N.; Luo, H.; Wang, X.; Zhou, X.; Yan, Z.; Abrahams, I.; Zhang, D. Porous SiC ceramics with dendritic pore structures by freeze casting from chemical cross-linked polycarbosilane. Ceram. Int. 2018, 44, 6293–6299. [Google Scholar] [CrossRef]

	



Arbi, H.M.; Yadav, A.A.; Kumar, Y.A.; Moniruzzaman, M.; Alzahmi, S.; Obaidat, I.M. Polypyrrole-Assisted Ag Doping Strategy to Boost Co(OH)2 Nanosheets on Ni Foam as a Novel Electrode for High-Performance Hybrid Supercapacitors. Nanomaterials 2022, 12, 3982. [Google Scholar] [CrossRef]

	



Kumar, A.; Kumar, A.; Chandra, R. Fabrication of porous silicon filled Pd/SiC nanocauliflower thin films for high performance H2 gas sensor. Sens. Actuators B Chem. 2018, 264, 10–19. [Google Scholar] [CrossRef]

	



Liao, M.; Guo, C.; Guo, W.; Hu, T.; Qin, H.; Gao, P.; Xiao, H. Hydrogen production in microreactor using porous SiC ceramic with a pore-in-pore hierarchical structure as catalyst support. Int. J. Hydrogen Energy 2020, 45, 20922–20932. [Google Scholar] [CrossRef]

	



Chang, B.B.; Guo, Y.Z.; Li, Y.C.; Guan, X.; Liu, P.; Peng, Z. Hierarchical porous carbon derived from recycled waste filter paper as high-performance supercapacitor electrodes. RCS Adv. 2015, 5, 72019–72027. [Google Scholar] [CrossRef]

	



Wang, J.C.; Oschatz, M.; Biemelt, T.; Borchardt, L.; Senkovska, I.; Lohe, M.R.; Kaskel, S. Synthesis, characterization, and hy-drogen storage capacities of hierarchical porous carbide derived carbon monolith. J. Mater. Chem. 2012, 22, 23893–23899. [Google Scholar] [CrossRef]

	



Sun, S.; Xia, Q.; Feng, D.; Qin, Z.; Ru, H. Combining robocasting and alkali-induced starch gelatinization technique for fabricating hierarchical porous SiC structures. Addit. Manuf. 2022, 56, 102938. [Google Scholar] [CrossRef]

	



Liu, D.; Gui, K.; Wang, M.; Zhu, M.; Niu, J.; Bao, Y. A novel hierarchical structure comprised of biomass-derived porous carbon and silicon carbide nanowires for highly efficient microwave absorption. Ceram. Int. 2022, 48, 16033–16041. [Google Scholar] [CrossRef]

	



Wang, L.H.; Shao, H.H.; Hu, X.B.; Xu, X.G. Hierarchical Porous Patterns of n-type 6H-SiC Crystals via Photo-electrochemical Etching. J. Mater. Sci. Technol. 2013, 29, 655–661. [Google Scholar] [CrossRef]

	



Lucio, M.D.S.; Kultayeva, S.; Kim, Y.-W. Improved mechanical strength and thermal resistance of porous SiC ceramics with gradient pore sizes. J. Eur. Ceram. Soc. 2022, 42, 6785–6794. [Google Scholar] [CrossRef]

	



Bowen, J.J.; Mooraj, S.; Goodman, J.A.; Peng, S.; Street, D.P.; Roman-Manso, B.; Davidson, E.C.; Martin, K.L.; Rueschhoff, L.M.; Schiffres, S.N.; et al. Hierarchically porous ceramics via direct writing of preceramic polymer-triblock copolymer inks. Mater. Today 2022, 58, 71–79. [Google Scholar] [CrossRef]

	



Zhao, J.; Ru, H.; Xu, Y.; Chang, L.; Wang, W.; Yue, X.; Zhang, C. Improvement in strength of SiC reticulated porous ceramics. Mater. Technol. 2015, 31, 53–57. [Google Scholar] [CrossRef]

	



Hanna, S.B.; Awaad, M.; Ajiba, N.A.; Saad, E.A. Characterization of Porous Alumino-Silicate Bonded SiC-Ceramics Prepared by Hand-Pressing and Extrusion Methods. Silicon 2018, 10, 1961–1972. [Google Scholar] [CrossRef]

	



Bai, J.; Yang, X.; Shi, Y.; Xu, S.; Yang, J. Fabrication of directional SiC porous ceramics using Fe2O3 as pore-forming agent. Mater. Lett. 2012, 78, 192–194. [Google Scholar] [CrossRef]

	



Gu, T.; Chen, F.; Shen, Q.; Zhang, L. Low-temperature preparation of porous SiC ceramics using phosphoric acid as a pore-forming agent and a binder. Ceram. Int. 2019, 45, 16470–16475. [Google Scholar] [CrossRef]

	



Fukushima, M.; Colombo, P. Silicon carbide-based foams from direct blowing of polycarbosilane. J. Eur. Ceram. Soc. 2012, 32, 503–510. [Google Scholar] [CrossRef]

	



Sundermann, E.; Viedt., J. Method of manufacturing ceramic foam bodies. U.S. Patent 3,745,201, 10 July 1973. [Google Scholar]

	



Studart, A.R.; Gonzenbach, U.T.; Tervoort, E.; Gauckler, L.J. Processing Routes to Macroporous Ceramics: A Review. J. Am. Ceram. Soc. 2006, 89, 1771–1789. [Google Scholar] [CrossRef]

	



Qiu, J.; Li, J.; Smirnov, K. Combustion synthesis of high porosity SiC foam with nanosized grains. Ceram. Int. 2010, 36, 1901–1904. [Google Scholar] [CrossRef]

	



Yuan, B.; Wu, H.; Sun, X.; Wang, G.; Li, H. Fabrication of porous alumina green bodies from suspension emulsions by gelcasting. Mater. Lett. 2012, 81, 151–154. [Google Scholar] [CrossRef]

	



Li, J.; Yuan, W.; Deng, C.; Zhu, H. Porous SiC/SiCN composite ceramics fabricated by foaming and reaction sintering. J. Eur. Ceram. Soc. 2017, 37, 1131–1134. [Google Scholar] [CrossRef]

	



Han, L.; Huang, L.; Li, F.L.; Wang, J.K.; Pei, Y.T.; Zeng, Y.; Jia, Q.L.; Zhang, H.J.; Zhang, S.W. Low-temperature preparation of Si3N4/SiC porous ceramics via foam-gelcasting and microwave-assisted catalytic nitridation. Ceram. Int. 2018, 44, 11088–11093. [Google Scholar] [CrossRef]

	



Wu, Q.; Sun, H. Preparation and properties of porous ceramics from nickel slag by aerogel gelcasting. Ceram. Int. 2022, 48, 33058–33065. [Google Scholar] [CrossRef]

	



Kumar, Y.A.; Kim, H.J. Preparation and electrochemical performance of NiCo2O4@NiCo2O4 composite nanoplates for high performance supercapacitor applications. New J. Chem. 2018, 42, 19971–19978. [Google Scholar] [CrossRef]

	



Shi, K.; Ma, Q.; Su, T.; Wang, Z. Preparation of porous materials by selective enzymatic degradation: Effect of in vitro degradation and in vivo compatibility. Sci. Rep. 2020, 10, 7031. [Google Scholar] [CrossRef] [PubMed]

	



Johari, N.; Fathi, M.H.; Golozar, M.A.; Erfani, E.; Samadikuchaksaraei, A. Poly(ε-caprolactone)/nano fluoridated hydroxy-apatite scaffolds for bone tissue engineering: In vitro degradation and biocompatibility study. J. Mater. Sci. Mater. Med. 2011, 23, 763–770. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.; Tao, M.; Pan, M.; Liu, W.; Gao, Z.; Yuan, H.; Ma, C. The preparation and properties of high-strength porous mullite ceramics by a novel non-toxic gelcasting process. J. Eur. Ceram. Soc. 2022, 42, 6015–6024. [Google Scholar] [CrossRef]

	



Li, X.; Li, S.; Yin, Z.; Shi, W.; Tao, M.; Liu, W.; Gao, Z.; Ma, C. Foam-gelcasting preparation and properties of high-strength mullite porous ceramics. Ceram. Int. 2023, 49, 6873–6879. [Google Scholar] [CrossRef]

	



Ryshkewitch, E. Compression strength of porous sintered alumina and zirconia; 9 to cera-mography. J. Am. Ceram. Soc. 1953, 36, 65–68. [Google Scholar] [CrossRef]

	



Brezny, R.; Green, D.J.; Dam, C.Q. Evaluation of Strut Strength in Open-Cell Ceramics. J. Am. Ceram. Soc. 1989, 72, 885–889. [Google Scholar] [CrossRef]

	



Lin, F.; Ng, J.K.; Huang, Y.Y.; Huang, C.; Zeng, H.B. Formation and stability of oil-laden foam: Effect of surfactant and hy-drocarbon solvent. Can. J. Chem. Eng. 2021, 99, 2658–2669. [Google Scholar] [CrossRef]

	



Brun, M.; Delample, M.; Harte, E.; Lecomte, S.; Leal-Calderon, F. Stabilization of air bubbles in oil by surfactant crystals: A route to produce air-in-oil foams and air-in-oil-in-water emulsions. Food Res. Int. 2015, 67, 366–375. [Google Scholar] [CrossRef]








[image: Materials 16 01342 g001 550] 





Figure 1. XRD pattern of SiC porous ceramics. 
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Figure 2. SEM images of SiC porous ceramics prepared with different H2O2 additions: (a-1) 1st pore morphology with 5 wt.% H2O2; (a-2) 2nd pore morphology with 5 wt.% H2O2; (b-1) 1st pore morphology with 7.5 wt.% H2O2; (b-2) 2nd pore morphology with 7.5 wt.% H2O2; (c-1) 1st pore morphology with 10 wt.% H2O2; (c-2) 2nd pore morphology with 10 wt.% H2O2; (d-1) 1st pore morphology with 12.5 wt.% H2O2; (d-2) 2nd pore morphology with 12.5 wt.% H2O2; (e-1) 1st pore morphology with 15 wt.% H2O2; (e-2) 2nd pore morphology with 15 wt.% H2O2. 
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Figure 3. Schematic illustration of the porous structures formation mechanism. 
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Figure 4. Effects of H2O2 additions on porosity and bulk density of SiC porous ceramics. 
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Figure 5. Effects of H2O2 additions on flexural strength and compressive strength of SiC porous ceramics. 
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Figure 6. SEM images of SiC porous ceramics prepared at different foaming temperatures with 7.5 wt.% H2O2 addition: (a) 75 °C; (b) 85 °C; (c) 95 °C. 
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Figure 7. SEM images of SiC porous ceramics with different amounts of SDS: (a) 0 and (b) 0.1 wt.%. 
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Table 1. Strength loss rate of SiC porous ceramics after acid/alkali corrosion.
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	Amount of H2O2

(wt.%)
	Strength Loss Rate of SiC Porous Ceramics after Acid Corrosion (%)
	Strength Loss Rate of SiC Porous Ceramics after Alkali Corrosion (%)





	5
	0.83 ± 0.15
	1.25 ± 0.14



	10
	0.91 ± 0.23
	1.36 ± 0.38



	15
	1.88 ± 0.35
	2.50 ± 0.27



	20
	2.00 ± 0.42
	2.67 ± 0.34



	25
	3.08 ± 0.29
	3.85 ± 0.26
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Table 2. Effects of foaming temperature on the properties of SiC porous ceramics with 7.5 wt.% H2O2 addition.
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	Foaming

Temperature

(°C)
	Bulk Density

(g/cm3)
	Porosity

(%)
	Flexural Strength

(MPa)
	Compressive Strength

(MPa)





	75
	2.71 ± 0.09
	45.85 ± 2.69
	11.39 ± 1.85
	25.37 ± 2.41



	85
	2.62 ± 0.08
	60.22 ± 3.98
	9.03 ± 1.42
	21.76 ± 1.94



	95
	2.02 ± 0.05
	64.24 ± 2.01
	7.01 ± 1.33
	20.43 ± 2.12
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Table 3. The properties of SiC porous ceramics with different amounts of SDS.
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	SDS Amounts (%)
	Porosity (%)
	Flexural Strength

(MPa)
	Compressive Strength

(MPa)





	0
	43.51 ± 2.45
	11.28 ± 2.07
	26.75 ± 3.47



	0.1
	60.22 ± 3.98
	9.03 ± 1.42
	21.76 ± 1.94
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