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Abstract

:

Direct-ink-writing (DIW)-based 3D-printing technology combined with the direct-foaming method provides a new strategy for the fabrication of porous materials. We herein report a novel method of preparing porous SiC ceramics using the DIW process and investigate their mechanical and wave absorption properties. We investigated the effects of nozzle diameter on the macroscopic shape and microstructure of the DIW SiC green bodies. Subsequently, the influences of the sintering temperature on the mechanical properties and electromagnetic (EM) wave absorption performance of the final porous SiC-sintered ceramics were also studied. The results showed that the nozzle diameter played an important role in maintaining the structure of the SiC green part. The printed products contained large amounts of closed pores with diameters of approximately 100–200 μm. As the sintering temperature increased, the porosity of porous SiC-sintered ceramics decreased while the compressive strength increased. The maximum open porosity and compressive strength were 65.4% and 7.9 MPa, respectively. The minimum reflection loss (RL) was −48.9 dB, and the maximum effective absorption bandwidth (EAB) value was 3.7 GHz. Notably, porous SiC ceramics after sintering at 1650 °C could meet the application requirements with a compressive strength of 7.9 MPa, a minimum RL of −27.1 dB, and an EAB value of 3.4 GHz. This study demonstrated the potential of direct foaming combined with DIW-based 3D printing to prepare porous SiC ceramics for high strength and excellent EM wave absorption applications.
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1. Introduction


The increasing intensity of military competition today has been driving the development of various high-tech military equipment such as stealth fighters, which face challenges in effectively absorbing electromagnetic (EM) waves [1,2,3]. Thus, the requirement for materials with light weight, high strength, and efficient EM wave absorption performance that can be applied at complex high temperatures is particularly urgent. Silicon carbide (SiC) ceramic is a dielectric absorber due to its inherent electric dipole polarization, standing out for its unique properties in terms of EM wave absorption [4,5,6]. Owing to its high temperature resistance and corrosion resistance, SiC ceramic can be applied to harsh working environments and has excellent EM wave absorption performance [7]. The specific morphologies and structures of SiC have been reported to enhance its EM wave absorption [8]. SiC ceramics can be in the form of wires [9,10,11] or be fibrous [12], tubular [13,14], or porous [15,16,17]. Especially due to its unique microstructure, porous SiC ceramic has excellent lightweight properties and superior impedance-matching performance, which meets the requirements of EM wave absorption applications in high temperature environments [18,19,20].



Nowadays, various mainstream methods have been widely investigated with the fabrication of porous ceramics and composites: partial sintering, replica template, sacrificial template, and direct foaming [21,22,23,24]. However, the challenges to these methods, including the complex manufacturing processes and high sintering temperatures, as well as the simple methods to shape porous SiC ceramics into complex shapes, remain unexplored [25]. It is well known that additive manufacturing (AM) technology or 3D printing is considered a new manufacturing method and has been extensively studied in many materials [26,27,28]. Among various 3D-printing technologies, extrusion-based 3D-printing methods are considered to be one of the simplest and most widely used processes [29,30]. Especially, the direct-ink-writing (DIW)-based 3D-printing technique has been successfully applied as a simple, effective, and easy process to fabricate ceramics with complex geometries [31,32,33]. However, in ensuring the shape retention of the extruded filament, it has particular requirements for the rheological properties of the ink, which should have a sufficiently high solid loading, yield stress, and elastic modulus [34]. Traditional fabrication methods of porous ceramics provide the precondition for slurry-based DIW-based 3D-printing processes to build micron-scale pores or even nanoscale pore structures, and templates or foams can be applied by conventional processes to obtain micron-scale or even nanoscale pore structures. Several studies have demonstrated that DIW-based 3D printing could be combined with conventional methods, such as sacrificial templates [35] and direct foaming [36], to fabricate porous ceramics. Particularly, the combination of DIW-based 3D printing and direct foaming is suitable for the fabrication of porous ceramics with complex shapes due to the advantages of the simple post-treatment process and the ability to produce ceramics with high porosity. Muth et al. [37] transformed the alumina sol to gelation by adjusting the pH, which was due to the effects of pH on the zeta potential of the particles, causing the colloidal particles to attract each other and form a gel network. At that point, the viscosity of the ink increased, and the elastic modulus and yield stress also increased to fulfill the requirements of the ink. Benito et al. [38] prepared binary colloidal gel foams formed by alumina and carbon particles as porogens by adjusting the pH value and investigated the effects of composition on the rheology and printing performance of the foam ink. Minas et al. [39] added n-octane to the alumina suspension modified by a propionic acid surface and obtained a stable emulsion foam suitable for DIW-based 3D printing. In addition to adjusting the pH or adding emulsifiers, there is an even more convenient way of foaming ink by adding surfactants. Guo et al. [40] fabricated printable foam ink by respectively adding polyvinyl alcohol and cetyltrimethylammonium bromide—which could reduce the surface tension of the particles—to the silica and alumina sol. These reports demonstrated that the preparation of printable silicon carbide foam ink was an implementable strategy. Ma et al. [41] also prepared porous SiC-based composites using the DIW method, using geopolymers as a binder and foaming agent. However, studies on the physical properties, such as EM wave absorption properties, of porous SIC ceramics prepared by DIW-based 3D printing have not been reported.



Consequently, based on our previous method of preparing SiC-based ceramic ink [42], we combined the above-mentioned strategies of DIW-based 3D printing and direct foaming. In this paper, we first fabricated printable SiC foam inks and then systematically investigated the effects of nozzle diameter on the formability and microscopic morphology of the SiC green samples during DIW-based 3D printing. Finally, the effects of sintering temperature on the mechanical properties and EM wave absorption performance of porous SiC-sintered ceramics were also explored. This study could demonstrate the potential of direct foaming in combination with direct-ink-writing-based 3D printing for the preparation of high-intensity electromagnetic wave-absorbing porous SiC ceramics.




2. Materials and Methods


2.1. Raw Materials


SiC powders (purity > 99%, Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) with an average particle size of 0.5~0.7 μm were chosen as the main material. Yttria (Y2O3, purity > 99.9%, Beijing Meridian Technology Co., Ltd., Beijing, China), alumina (Al2O3, purity > 99.9%, Beijing Meridian Technology Co., Ltd., Beijing, China), and silica (SiO2, purity > 99.9%, Beijing Meridian Technology Co., Ltd., Beijing, China) powders were used as the sintering additives. Polyethylene glycol (PEG6000, Xilong Chemical Co., Ltd., Shantou, China) was employed to assure a good dispersion of the SiC powders in the ink. Methyl cellulose (MC, Shanghai Macklin Biochemical Technology Co., Ltd., Shanghai, China) was employed as the binder. Polyvinyl alcohol (PVA-205; 87–89% hydrolyzed; Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) was used to prevent collapse of pore structures. Dodecayltrimethylaminium bromide (DTAB, 99%, Shanghai Meryer Chemical Technology Co., Ltd., Shanghai, China) was selected as the foaming agent.




2.2. Fabrication of Porous SiC Ceramics


The fabrication process of porous SiC ceramics contains three steps: ink preparation, direct-ink-writing (DIW)-based 3D printing, and pressureless sintering, as illustrated in Figure 1.



2.2.1. Ink Preparation


The SiC powder loading of the ink we prepared was 35 vol%. Firstly, the pre-made suspension was prepared by mixing PVA and PEG into the deionized water, followed by magnetic stirring. Next, the premix powder prepared by mixing SiC powder, MC, Al2O3 powder, Y2O3 powder, and SiO2 powder was added into the suspension as sintering aids in a mass ratio of 7:2:1. After that, the mixture was continuously stirred in a planetary mill (QM-3SP2, Naijing University Instrument Plant, Naijing, China) at 400 r/min for 3 h to obtain the ink. Finally, the foam agent DTAB was added to the ink, and the foam ink was achieved by vigorously mixing at a speed of 1000 r/min for 5 min with a small mixer (LC-OES-120SH, Shanghai Lichen Bonsey Instrument Technology Co., Ltd., Shanghai, China). The compositions used for the printable SiC inks are listed in Table 1.




2.2.2. Direct-Ink-Writing-Based 3D Printing


SiC green bodies were formed by a DIW-based 3D-printing system (Suzhou Fanbo Additive Manufacturing Technology Co., Ltd., Suzhou, China) equipped with a piston extrusion unit with nozzle sizes of 0.8 mm, 1.0 mm, and 1.5 mm. Other main 3D-printing parameters were: the printing speed was 10 mm/s, and the layer height was 100% of the nozzle diameters. The printed samples were brushed with glycerin on the surface to avoid cracking during drying and placed in an environment of 25 °C for 36 h.




2.2.3. Pressureless Sintering


After complete drying, the DLP 3D-printed SiC green bodies were placed in a graphite furnace (ZT-70-23Y, Shanghai Chenxin Furnace Co., Ltd., Shanghai, China) and pressurelessly sintered in a vacuum environment. The heat program was set to be 10 °C/min before 1200 °C and then sintered to 1350–1650 °C with a heating rate of 2 °C/min and a dwelling time of 2 h in the furnace. After that, porous SiC-sintered ceramics were obtained.





2.3. Characterization


In this work, a cuboid CAD model of 20 mm (X0) × 60 mm (Y0) × 5 mm was designed using software. In order to quantify the dimensional accuracy of the samples, a digital caliper was used to measure their top and bottom dimensions, as shown in Figure 2a. The concepts of accuracy ratio (AR) and dimensional deviation ratio (DDR) were adopted with the following equations:


  P A =     M   1   −   M   0       M   0     × 100 %  



(1)






  D D R =     M   2   −   M   1       M   1     × 100 %  



(2)




where M was X or Y, M1 was the measured dimension of the top surface, and M2 was the measured dimension of the bottom surface. The open porosity of the sample was determined by using the Archimedes method. The sample size before and after sintering was measured with a digital caliper to calculate the shrinkage rate of sintering.



The morphology and microstructure of the samples were observed by using a scanning electron microscope (SEM, JSM-7500F, Hitachi Co., Tokyo, Japan). The X-ray diffraction (XRD, Holland, Cukα = 1.5418 Å) was used to characterize the crystal phases of the green body and samples at different sintering temperatures. The distribution data of pore size were measured by a high-performance automatic mercury-injection instrument (Autopore IV 9500, Micromeritics instrument CORP., Norcross, GA, USA). Compression tests were performed using a universal testing machine (Instron Legend 2367 testing system, Norwood, MA, USA) with a cross-head displacement rate of 0.5 mm/min. The test samples were cut into 10 ± 2 mm squares, and the stress loading was in the Z-direction of the printed sample. At least three tests for each group were performed.



The complex permittivity of porous SiC ceramics sintered at 1350–1650 °C was measured by using the waveguide method in the 6–18 GHz band using a vector network analyzer (KAA1171135, Electronic Technology Group 41 companies, Beijing, China). The samples were carefully ground to sizes of 34.7 mm × 15.7 mm, 22.9 mm × 10.1 mm, and 15.8 mm × 7.9 mm, and the thickness was limited to 4 mm in the thin section. The reflection loss (RL), which represents the absorption capacity of EM waves, can be calculated using transmission theory, as shown in the following equation [43]:


    Z   i n   =   Z   0      μ   ε      tan  ⁡  h   j   2 π   c    μ π  f d      



(3)






    R   L   = 20   l o g   10         Z   i n   −   Z   0       Z   i n   +   Z   0        



(4)




where Zin is the input impedance, Z0 is the impedance of air, c is the light velocity, f is the frequency of EM wave, and μ, ε, and d are the relative permeability, relative permittivity, and thickness, respectively.





3. Results and Discussion


3.1. SiC Foam Ink for DIW-Based 3D Printing


The viscosity of the SiC foam ink decreased as the shear rate increased, exhibiting a shear-thinning behavior for extrusion of the ink by DIW-based 3D printing, as shown in Figure 3a. In addition, DIW requires the ink to be able to retain shape and self-supporting properties, which requires it to have an adequate initial storage modulus and yield stress to achieve. The results of the oscillatory rheological measurements are shown in Figure 3b. These results showed that the storage modulus (G′) dominated at lower shear stresses, while the loss modulus (G″) became more relevant at higher shear stresses after crossing the intersection point defined as the yield stress (τy). The G′ and τy values of the ink were 2.7 kPa and 490 Pa, respectively, which showed adequate viscoelasticity values [39]. Following the as-designed CAD model, the foam ink could be successfully printed by DIW-based 3D printing, as shown in Figure 2b.




3.2. SiC Green Bodies


Table 2 lists the dimensional parameters of the SiC green parts, and Figure 4 gives the accuracy ratio (AR) and dimensional deviation ratio (DDR) of the SiC green bodies for different nozzle diameters. The ratios of printing accuracy and dimensional deviation of the SiC green bodies in the xy-direction were lower when the nozzle diameter was small, and the difference in printing accuracy was related to the combined effect of the ink exhibiting an expansion characteristic similar to that of the pure polymer ink after the extrusion [44] and drying process of the material. However, when the nozzle diameter was too wide, the expansion characteristic of the ink was more obvious, and the ratios of printing accuracy and dimensional deviation exceeded 4%. Dimensional deviations arose because of the collapse of the foam ink, and it was found that the larger the diameter of the nozzle in the same place, the more obvious the collapse. Therefore, choosing a nozzle diameter of less than 1.5 mm facilitated the molding process. Meanwhile, the difference in data for different directions indicated that the expansion characteristics of the ink in the printing process were also related to the sample size.



Figure 5 further exhibits the microstructure of the SiC green bodies for different nozzle diameters. The cross-sectional microstructures of the samples are shown in Figure 5a–d, where the SiC particles were combined by the binder. The size of the pores formed by the direct foaming method was approximately 100–200 μm, and most of them were spherical closed pores. The sample prepared by extrusion with the 1.5 mm nozzle diameter had the largest number of pores, and most of them were smaller pores with a diameter of approximately 100 μm, while the number of pores in the sample prepared with the 0.8 mm nozzle diameter decreased, and some of them turned into oval or larger pores with a diameter of approximately 200 μm. This was due to the increased stress on the filaments during printing as the nozzle diameter decreased and the phenomena of bubble breakage, deformation, and merger increased. In summary, combining formability and microstructure, we selected a nozzle diameter of 1.0 mm to carry out the follow-up work.




3.3. Porous SiC-Sintered Ceramics


3.3.1. Phase Analysis and Microstructure Observation


Figure 6 shows the XRD patterns of the SiC green body and the porous SiC-sintered ceramics sintered at different sintering temperatures. As shown in Figure 6, the as-sintered porous SiC ceramics consisted mainly of α-SiC (PDF card No. 49-1428) and β-SiC (PDF card No. 29-1129), and the results indicated that SiC ceramics were successfully fabricated. Additionally, the yttrium silicate and aluminum silicate phases were also observed in the samples when the sintering temperature exceeded 1450 °C, which implied a reactive sintering between the added sintering aids. These results proved that the composite additives could effectively reduce the sintering temperature of porous SiC ceramic [45]. We also investigated the variation in shrinkage in porous SiC ceramics sintered at different sintering temperatures. The shrinkage percentages were 1.51%, 4.86%, 4.20%, and 5.56% when the sintering temperatures were 1350 °C, 1450 °C, 1550 °C, and 1650 °C, respectively, as shown in Figure 7. The volume changes of the samples before and after sintering were relatively small, which was attributed to the fact that the sintering mechanism between the particles of the solid-state-sintered porous SiC ceramic was mainly surface diffusion [46]. It was also observed that the line shrinkage in the xy-direction was slightly lower than that in the z-direction for all ceramics. Since the layer-by-layer printing principle governs the DIW-based 3D-printing process, the difference in the different directions might be due to the inconsistency between the stacking density within the layers and between the layers [47].



The variations in the morphology of the porous SiC-sintered ceramics are shown in Figure 8. The cross-sectional microstructures of the samples are shown in Figure 8a–d. It was observed that when the temperature exceeded 1550 °C, the edges of the closed pores in the material were broken. This took place because the surface diffusion between particles was favored by temperature. As shown in Figure 8e–h, many grains smaller than 1 μm could be observed on the fracture surface when sintered at different temperatures. As the temperature increased, the surface of the grains appeared different. When the sintering temperature was no more than 1550 °C, the grain morphology was irregular and similar to that of the un-sintered grains; thus, the closed pore structure and the inter-grain pores remained stable at this temperature. After sintering at 1650 °C, the shape of the grains was no longer sharp, while the grains closely contacted each other and the phenomenon of neck growth occurred. The grain size increased, the volume shrinkage intensified, and the closed pore structure ruptured. To obtain further verification, we investigated the variation in pore-size distribution with different sintering temperatures, as shown in Figure 9. These results showed that the average pore size of the samples did not exceed 230 nm when the sintering temperature was less than 1550 °C but increased to 284 nm as the sintering temperature increased to 1650 °C. Combined with Figure 8, it was indicated that, as the sintering temperature increased, the sintered neck started to grow, the interparticle binding surface started to migrate, partial aggregation occurred, and, as a result, the interparticle pore size became slightly larger. The differences between them indicated that the pore morphology of porous SiC samples could be controlled by changing the sintering temperature.




3.3.2. Mechanical Properties


The open porosity and compressive strength of the porous SiC ceramics sintered at different sintering temperatures are presented in Figure 10. The porosity of the porous SiC-sintered ceramics tended to increase and then decrease as the sintering temperature increased. The porous SiC ceramic sintered at 1450 °C had the highest porosity (65.4%), whereas the porosity of the porous SiC ceramic sintered at 1650 °C significantly decreased to 49.6%. This was due to the increased liquid phase during the sintering process, which led to the densification of the SiC particles and the increase in linear shrinkage shown in Figure 3. Similarly, the degree of particle densification was very important in influencing the mechanical properties of the ceramics. In Figure 10, the compressive strength of the porous SiC ceramics sintered at 1550 °C and 1650 °C exhibited a very sharp increase (from 0.5 MPa to a maximum of 7.9 MPa) compared with the porous SiC ceramics sintered at 1350 °C and 1450 °C. The rapid increase in compressive strength also indicated that, when the sintering temperature was higher than 1450 °C, the liquid phase formed by the sintering aid facilitated the sintering process, whereby the SiC ceramic particles changed from their original loosely packed state and became tightly bound to each other. The mechanical properties of the porous SiC ceramics were also compared with those of other reported porous ceramics, as shown in Figure 11 [23,48,49,50,51,52,53,54,55,56,57,58]. It was demonstrated that the porosity and compressive strength of the porous SiC ceramics prepared by different methods differed widely, and the compressive strength decreased with the increase in porosity. Although the porous SiC ceramics prepared in this study had a slightly lower porosity than traditional direct-foaming methods, their compressive strengths were greater than 5 MPa; hence, they were at the superior level. The better the mechanical properties of absorbing materials as functional materials under the aerospace covering, the more widely applied potential there is. The samples sintered at 1650 °C exhibited excellent compressive strength in porous ceramics. Certainly, the improvement in porosity and the maintenance of mechanical properties still need to be investigated in depth.




3.3.3. Electromagnetic (EM) Wave Absorption Performance


Due to the fact that SiC ceramics are diamagnetic, we only focused on their complex permittivity. Figure 12 shows the dielectric properties of porous SiC ceramics sintered at different sintering temperatures in the frequency range of 6–18 GHz. The real permittivity (ε’) represented the storage capability of the electric energy, and the imaginary permittivity (ε”) represented the loss capability. The tangent loss (tan δ = ε”/ε’) could be used to estimate the receding capabilities [59]. With the increase in sintering temperature, the values of ε’, ε”, and tan δ similarly increased, and the average value increased from 3.07 to 7.20, from 0.35 to 3.48, and from 0.11 to 0.49, respectively, which meant that the sintering temperature was favorable to improve the dielectric permittivity and loss tangent of the SiC material. These results could be attributed to the tightly bound heterogeneous interface between the SiC particles and the sintering aid, which enhanced the interfacial polarization [60]. Porous SiC ceramics contained air, which could improve the impedance match between the air and the absorbing material, resulting in increased loss capability. The reflection loss (RL) was the most intuitive parameter to accurately evaluate the absorption performance, and Figure 13 showed the RL values of samples with different thicknesses prepared at different sintering temperatures. Typically, the RL values of an excellent absorbing material should be less than −10 dB, which means that its EM wave absorption efficiency is more than 90%. In addition, when the RL value is less than −10 dB, the corresponding frequency range is defined as the effective absorption bandwidth (EAB), which is also an important factor to evaluate the absorption performance. It was observed that the RL values of porous SiC ceramics sintered at 1350 °C were hardly less than −10 dB, and the minimum RL value corresponding to 8.0 mm thickness reached −13.6 dB at 15.7 GHz, with a corresponding EAB value of 1.4 GHz. For the porous SiC ceramics sintered at 1450 °C, the minimum RL value corresponding to 7.0 mm thickness reached −48.9 dB at 15.1 GHz, with a corresponding EAB value of 3.7 GHz. When the sintering temperature was 1550 °C, the minimum RL value corresponded to a thinner thickness of 3.0 mm, with a value corresponding to −37.7 dB at 14 GH, and the EAB value was 1.8 GHz. The minimum RL value of porous SiC ceramics sintered at 1650 °C was −27.1 dB with a thickness of 3 mm at 9.4 GHz, with a corresponding EAB value of 3.4 GHz. It can be found that the permittivity and reflectivity of porous materials decreased with increasing porosity, which was due to the closed pore structure providing multiple reflections and increasing the loss path and to the absorbed EM energy being more readily converted to thermal energy, resulting in enhanced absorption performance [18,61]. Considering the practical applications, we needed to focus on evaluating the absorbing properties of materials with sintering temperatures of 1550 °C and 1650 °C. It is notable that the samples sintered at 1650 °C showed relatively favorable absorption properties at different frequency bands. While the sample sintered at 1550 °C had a better minimum RL value, the sample sintered at 1650 °C would only require a thickness of 2 mm to maintain a minimum RL value lower than −25 dB, and the overall EAB was better than the former.






4. Conclusions


In this paper, we produced porous SiC ceramics by using the direct-foaming technique combined with direct-ink-writing (DIW)-based 3D printing and investigated the effects of sintering temperature on their mechanical properties and electromagnetic (EM) wave performance in detail. The main conclusions are summarized as follows:




	(1)

	
As the diameter of the nozzle increased, the formability of the porous SiC and the bubble breakage decreased. It was essential to select a suitable diameter that kept the microscopic pores closed while maintaining a certain level of printing accuracy.




	(2)

	
Sintering temperature had a large influence on the shrinkage, porosity, and compressive strength of porous SiC ceramics. As the sintering temperature increased, the porosity decreased while the compressive strength improved. The porous SiC ceramic sintered at 1650 °C exhibited the most optimal compressive strength (7.9 MPa).




	(3)

	
The dielectric permittivity and loss tangent of the porous SiC ceramics improved as the sintering temperature increased. Due to its highest porosity (65.4%), the porous SiC ceramic prepared at 1450 °C exhibited the most excellent electromagnetic absorption properties.




	(4)

	
Combined with the mechanical properties and wave absorption properties, the porous SiC ceramic sintered at 1650 °C was more capable of meeting the practical requirements of engineering applications, as evidenced by the minimum RL value of −27.1 dB at a smaller thickness and the EAB value of 3.4 GHz that was better than that of the samples sintered at 1550 °C.









In this study, the potential of direct foaming combined with direct-ink-writing-based 3D printing to prepare porous SiC ceramics for high strength and excellent EM wave absorption has been demonstrated.
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Figure 1. Fabrication process of porous SiC ceramics: ink preparation, direct-ink-writing-based 3D printing, and pressureless sintering. 
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Figure 2. (a) Schematic diagram of sample shape; (b) designed model, direct-ink-writing 3D-printing process, and images of the samples after printing and sintering. 
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Figure 3. Rheological data of the SiC foam ink: (a) the steady shear viscosity, (b) the storage moduli (G′), and the loss moduli (G″). 






Figure 3. Rheological data of the SiC foam ink: (a) the steady shear viscosity, (b) the storage moduli (G′), and the loss moduli (G″).



[image: Materials 16 02861 g003]







[image: Materials 16 02861 g004 550] 





Figure 4. (a) accuracy ratio (AR) and (b) dimensional deviation ratio (DDR) of the SiC green bodies for different nozzle diameters. 
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Figure 5. SEM micrographs of the SiC green bodies for different nozzle diameters: (a,d) the cross-sectional views of the 0.8 mm diameter, (b,e) the cross-sectional views of the 1.0 mm diameter, and (c,f) the cross-sectional views of the 1.5 mm diameter. 
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Figure 6. XRD patterns of the SiC green body and the porous SiC-sintered ceramics sintered at different sintering temperatures. 
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Figure 7. Shrinkage of the SiC green body and the porous SiC-sintered ceramics sintered at different sintering temperatures. 






Figure 7. Shrinkage of the SiC green body and the porous SiC-sintered ceramics sintered at different sintering temperatures.



[image: Materials 16 02861 g007]







[image: Materials 16 02861 g008 550] 





Figure 8. Cross-section SEM micrographs of the porous SiC ceramics sintered at different sintering temperatures: (a,e) 1350 °C, (b,f) 1450 °C, (c,g) 1550 °C, and (d,h) 1650 °C. 
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Figure 9. Pore-size distributions of the porous SiC ceramics sintered at different sintering temperatures. 
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Figure 10. Open porosity and compressive strength of the porous SiC ceramics sintered at different sintering temperatures. 






Figure 10. Open porosity and compressive strength of the porous SiC ceramics sintered at different sintering temperatures.



[image: Materials 16 02861 g010]







[image: Materials 16 02861 g011 550] 





Figure 11. Comparison of the mechanical properties of porous SiC ceramics prepared by different methods [23,48,49,50,51,52,53,54,55,56,57,58]. 
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Figure 12. Dielectric properties of the porous SiC ceramics sintered at different sintering temperatures: (a) real permittivity, (b) imaginary permittivity, and (c) dielectric loss. 
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Figure 13. Reflection loss with different thicknesses of the porous SiC ceramics sintered at (a) 1350 °C, (b) 1450 °C, (c) 1550 °C, and (d) 1650 °C. 
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Table 1. Compositions of the printable SiC inks.
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SiC Loading of the Ink, vol%

	
Relative to SiC Mass, wt%

	
MC Relative to the Distilled Water Mass, wt%




	
PVA

	
PEG

	
Al2O3

	
Y2O3

	
SiO2

	
DTAB






	
35

	
1.0

	
0.56

	
7.0

	
2.0

	
1.0

	
2.0

	
1.5
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Table 2. The dimensional parameters of the SiC green parts.
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	Nozzle Diameter (mm)
	X1 (mm)
	Y1 (mm)
	X2 (mm)
	Y2 (mm)





	0.8 mm
	58.12 ± 0.34
	19.71 ± 0.40
	61.02 ± 0.99
	20.84 ± 0.46



	1.0 mm
	60.39 ± 0.17
	20.37 ± 0.50
	63.35 ± 0.85
	22.01 ± 0.61



	1.5 mm
	57.77 ± 1.32
	21.02 ± 0.44
	62.35 ± 0.87
	24.11 ± 0.32
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