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ABSTRACT 

SiC structures with porosities ranging between 20 to 60 % have been fabricated 

using two methods: emulsification and freeze casting. While emulsification 

results in foam-like isotropic materials with interconnected pores, freeze casting 

can be used to fabricate highly anisotropic materials with characteristic layered 

architectures. The parameters that control the pore size and final porosity have 

been identified (solid content in the initial suspensions, emulsification times or 

speed of the freezing front). We have found that liquid state sintering (suing 

Al2O3 and Y2O3 as additives) at 1800 °C on a powder (SiC/Al2O3) bed provides 

optimum consolidation for the porous structures. The mechanical strength of 

the materials depends on their density. Freeze casted materials fabricated with 

bimodal particle size distributions (a controlled mixture of micro and 

nanoparticles) exhibit higher compressive strengths that can reach values of up 

to 280 MPa for materials with densities of 0.47.  
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1. INTRODUCTION  

The advance of key technological fields like transportation, building, energy or 

healthcare depends on the development of novel lightweight porous materials 

capable of providing exceptional mechanical performance under demanding 

environments, from high temperatures to corrosive media. Applications such as 

catalysis supports, filters, separation membranes or thermal insulators, require 

porous structures able to combine structural stability with high surface area, 

control of internal fluid flow and tailored thermal or electrical conductivities. 

Silicon carbide is a ceramic with outstanding mechanical, thermal and chemical 

properties (such as thermal shock and corrosion resistance) making it a 

promising candidate for many of these applications, in particular those that 

involve work under extreme environments [1]. 

The fabrication of porous SiC ceramics requires manufacturing techniques able 

to provide strong and stable structures with good architectural control from 

micro to macro levels. Sintering is particularly challenging. The covalent nature 

of the bond between Si and C atoms provides outstanding structural properties 

to SiC but at the same time results in very low sinterability. Sintering, either 

solid [2,3] or liquid phase [1,4] requires different additives and is often carried 

under pressure [2,5]. However, this is not possible when fabricating highly 

porous structures. Additive formulation and the local atmosphere play a very 

important role during sintering; boron and carbon are frequently used in solid 



sintering [2] and a mixture of alumina and yttria for liquid phase sintering [1,4]. 

The final microstructures and mechanical properties are strongly affected by 

the sintering conditions, being necessary to find a compromise between 

densification and grain growth. To achieve this goal non-conventional sintering 

routes such as spark plasma sintering (SPS) have also been used [5,6].  

Different assembly and shaping strategies can be considered to control the 

architecture of porous structures. Some of the available alternatives to produce 

macroporous SiC use polymeric pre-ceramic precursors [7,8], or combine 

carbon foams (e.g. wood-derived) with Si sources [7,9]. These approaches 

overcome partially the sintering challenges but provide limited architectural 

control. Alternatives such as sacrificial templating usually lead to low cell wall 

densities and considerable shrinkage and typically require additive contents 

ranging between 4wt% to 20wt% [1,10,11]. It is still necessary to develop new 

processing routes in order to produce macroporous SiC structures with 

controlled morphological features at multiple scale lengths, while optimising the 

sintering conditions to obtain high-density walls that will lead to strong 

materials. 

Freeze casting of ceramic suspensions and the directed assembly of emulsified 

suspensions are two of the most promising paths for complex shaping and 

microstructural control. Freeze casting uses the complex structure of ice to 

create monolithic and hybrid materials that exhibit unique bio-inspired 

hierarchical structures and very promising properties [12]. It is based on the 

directional freezing of a colloidal suspension at controlled speed to promote the 

growth of lamellar ice. The growing ice expels the ceramic particles as it grows, 

arranging and compacting them in walls between adjacent ice crystals [13]. 



After sublimating the water a porous structure remains that is the replica of the 

ice. Control of the freezing process is used to tailor the morphological features 

of this structure over a range of size-scales. 

The directed assembly of emulsified suspensions follows a bottom-up approach 

based on the surface functionalization of inorganic particles with responsive 

polymers [14]. By engineering the surface of ceramic particles with a pH-

responsive macromolecule, it is possible to direct the assembly of these 

responsive particles and oil droplets into complex hierarchical 

structures[14,15]. These water-based emulsified suspensions can assemble 

reversibly with a pH switch [15] and template the architecture of the final 

ceramic structures.   

Here, we aim to compare the manufacturing and properties of SiC scaffolds 

with lamellar and foam-like architectures designed by two assembly strategies, 

i.e. freeze-casting and directed assembly of emulsified suspensions. These 

techniques can be used to control the final microstructure, in particular to tune 

porosity and pore shape and size. In this way materials can be tailored for 

different applications, from layered structures that can be used in the fabrication 

of microlaminated composites [16] to structures with homogeneously 

distributed equiaxial pores that can provide thermal insulation or combine light 

weight with enough compressive strength for some structural applications. We 

also investigate the best sintering route to preserve the features of the porous 

architectures while optimizing their consolidation. We optimize the sintering 

conditions by analyzing the effect of temperature, time, and atmosphere under 

pressureless solid and liquid-phase sintering (SS and LS respectively) in 

conventional and spark plasma sintering (SPS) furnaces. The dominating 



factors controlling the different assembly approaches and the correlation 

between structure, mechanical and functional properties are investigated and 

characterized by combining Field Emission Scanning Electron Microscopy 

(FESEM), Transmission Electron Microscopy (TEM) and xRay diffraction (XRD) 

with mechanical testing, and thermal conductivity measurements.  

 

2. EXPERIMENTAL 

2.1. Scaffold manufacturing. 

Direct assembly of emulsified suspensions. SiC scaffolds with foam-like 

structures were prepared by the directed assembly of emulsified SiC 

responsive suspensions. Silicon Carbide particles were electrostatic and 

sterically stabilized by a multifunctional-branched copolymer surfactant (BCS). 

BCS with a composition of PEGMA5-MAA95-EGDMA10-DDT10 was synthesized 

following the protocol described by Woodward et al. [17]. BCS solutions (1 

wt/v%) were prepared in distilled water at pH 12 (adjusted with NaOH 1M). 

Colloidal SiC suspensions (with concentrations of 12 and 33 vol%) were 

prepared by dispersing α-SiC particles (ABCR-H.C Starck, d50 450 nm and 

specific surface area of 23-26 m2/g) in the BCS solutions at pH 8, thus enabling 

the surface functionalization of SiC particles with BCS. For some experiments 

two types of SiC particles where mixed (70wt% of particles with an average size 

of 450 nm and specific surface area of 23-26 m2/g and 30% of SiC 

nanoparticles, SkySpring Nanomaterials, USA, with an average particle size of 

40 nm and specific surface area > 80 m2/g). These will be called “mixed particle 

emulsions” from now on. Sintering aids, Boron (Merk KGaA) or Al2O3 (Baikalox 

B-series SMA6, Baikowski, France) and Y2O3 (Grade C-ABCR – H.C. Starck) 



were added to the stabilized SiC suspensions that were subsequently 

subjected to ball milled for 24h (Table 1). Afterwards, the suspensions were 

conditioned with 1 wt% octanol and stirred under a light vacuum for 1 hour. 

Highly stable SiC responsive emulsions were obtained by emulsifying the BCS-

functionalized SiC suspensions at pH 8 with 50vol% of decane at speeds 

between 2000 and 24000 rpm for 2 minutes. In order to promote the assembly 

of suspensions and emulsions into stable solid structures, their pH was dropped 

below the pKa of BCS (6.46) by adding between 2 and 10 wt/v% of glucono--

lactone (GL, ≥99%, Sigma Aldrich). GδL lowers the pH in two-steps: 

dissolution and subsequent hydrolysis of the GδL to gluconic acid. This drop 

activated multiple hydrogen bonds between the functionalities in BCS and 

directed the assembly of particles and droplets in the emulsion into very well 

organized 3D architectures. The SiC architectures were subsequently dried at 

35C for 10 days and sintered as described in 2.3. 

 

 

 

 

 

 

Table 1. Additives and sintering aids added in the water-based slurries used for the 
fabrication of macroporous SiC scaffolds. TMAH and PVA contents are related to the 
weight of the SiC particles. Sucrose is related to the water content. BCS content is 
related to the total volume of water in the suspension. 
 

 Processing additives 

Solid State (SS) 
sintering aids 

 
Liquid State(LS) 

sintering aids 
 

Boron 
Source of 

C 



Freeze 
casting 

1.4wt% TMAH  
1.4wt% PVA  
4wt% sucrose  
@pH 10 

0.35wt%  

PVA 
sucrose 

Between 4 and 
8wt% of an 
oxide mixture 
(6/4 Al2O3/Y2O3) 
 

Directed 
assembly 

BCS (1wt/v%) @pH 8-9 
1wt% octanol 
2-10wt/v% GδL 
 

BCS 
GδL 

 

The addition of a fluorescent dye to the branched architecture of the responsive 

copolymer was used to study the BCS-SiC interactions. Standard solutions of 

BCSr (BCS-rhodamine) with concentrations ranging from 0.001 to 3 wt/v% 

were prepared in distilled water at pH 8 and measured in a UV-visible 

spectrometer to obtain the calibration curve by plotting the absorbance at 

566nm vs. concentration. Afterwards, the supernatants of SiC/BCSr 

suspensions containing 10 vol% SiC particles and increasing amounts of BCSr 

(ranging from 0.01 to 3 wt/v%) were analyzed by UV-visible spectroscopy after 

centrifugation up to 12000 rpm to quantify BCS adsorption on SiC surfaces. 

Freeze casting. For the preparation of SiC scaffolds with lamellar structures, 

α-SiC colloidal suspensions were prepared by mixing 9 and 20 vol% of α-SiC 

(ABCR-H.C Starck, Germany) particles in distilled water. The suspensions 

were stabilized using TMAH (Tetra-methyl-ammoniumhydroxide, Sigma-

Aldrich). PVA (poly-vinyl-alcohol, PVA 22000, VWR, Belgium) and sucrose 

(Anala R Normapur, VWR, Belgium) were also added as binders and ice 

shaping agents (Compositions in Table 1) [12]. The suspensions were prepared 

at pH 10 where SiC is highly negatively charged in the presence of TMAH. 

Sintering aids, Boron or Al2O3 and Y2O3, were added to the SiC suspensions 

prior to ball milling (Table 1) [1]. The suspensions were ball milled for 24 hours 

with SiC balls and afterwards de-aired by stirring for at least 30 minutes under 

light vacuum. Once conditioned, the suspensions were directionally frozen by 



placing them on top of a copper cold finger in a Teflon® mold. The cold finger 

was cooled at a rate varying between 5 and 15 K/min. The frozen scaffolds 

were freeze-dried for 24 hours (Freezone 4.5 by Labconco, USA) to eliminate 

the water and subsequently sintered.  

 

2.2. Rheology. 

The flow behavior and viscoelastic fingerprints of SiC suspensions and 

emulsions were analyzed in a Discovery Hybrid Rheometer HR1 (TA 

Instruments).  The measurements were carried out with a parallel plate (=40 

mm) and a solvent trap cover (to prevent evaporation) under steady sensing. 

Viscoelastic behavior and linear viscosity region (LVR) were evaluated with 

stress-controlled amplitude sweeps at frequencies of 0.1 Hz. The self-assembly 

of BCS-functionalized particles was monitored by measuring the viscoelastic 

properties (G’, G’’) over time, immediately after adding the pH trigger. The 

oscillation measurements (time sweep with fixed frequency, 0.1 Hz and strain, 

=1%) were performed immediately after. The solvent trap cover prevented 

evaporation of the solvent, while the axial force control identified changes in 

volume and adjusted the gap automatically. 

 

2.3. Sintering. 

Prior to sintering, debinding was carried out by heating the structures at 2 to 6 

°C/min up to temperatures ranging between 500 to 600 °C for 2h (BCS burns 

at 500 °C according to the thermo gravimetric analysis). The macroporous 

scaffolds obtained with these two wet-processing approaches were sintered 

using Spark Plasma Sintering (SPS) and a conventional graphite furnace at 



temperatures ranging between 1800 °C and 2200 °C. SPS was carried under 

vacuum for 8 minutes at the maximum temperature. The heating and cooling 

rates were 200 °C/min and 150 °C/min respectively. In the conventional 

graphite furnace, the scaffolds were fired in an inert atmosphere (Ar) with a 

heating and cooling rate of 20 °C/min. In selected liquid phase sintering 

experiments, the porous scaffolds were placed in a closed cylindrical crucible 

(50 mm in diameter and 60 mm in height) on top of a powder bed to enhance 

wall densification [18,19].  The weight of the powder bed was fixed at 5 times 

the weight of the green body.  

 

2.4. Characterization. 

The microstructure of the materials was analysed via scanning electron 

microscopy (SEM, Leo Gemini 1525). The Archimedes method (Sartorius, 

YDK01, Goettingen, Germany) was used to determine their density and 

porosity. Phase composition was determined by xRay diffraction (PAN-

analytical, Almelo, Netherlands) and Transmission electron microscopy (FEI 

TitanTM 80-300 operated at 300kV equipped with a field emission electron gun 

and a Cs-image corrector). TEM foils were prepared by focus ion beam (FIB) 

milling using a Helios NanoLab 600 instrument (2-30 KeV Ga+ incident beam 

energy with current of 16 pA-21nA). xRay scan data were collected with Cuα 

(λ=1.54178 Å) radiation at a step size of 0.1° and 150s for step. TEM was used 

to analyse the microstructure of LPS samples; high angle annular dark field 

(HAADF) scanning transmission electron microscopy (STEM) and Energy-

dispersive X-ray spectroscopy (EDX) were employed to identify different 

phases within the microstructure. 



Compression and bending tests were performed on a universal testing machine 

(Zwick/Roell 1474). Compression tests were done following the ASTM C133 

[20] standard with a crosshead speed of 1.3 mm/min. In order to 

homogeneously distribute the load during compression, a stainless steel semi 

sphere was placed at the top of the samples. The 4-point bending tests were 

performed at a crosshead speed between 0.5 and 2 mm/min. For each material, 

10 to 20 specimens measuring approximately 5x5x5 mm3 (for compression) 

and 4x4x20 mm3 (for bending) were cut from a ceramic part with a diamond 

disk and grinded to ensure parallel surfaces.  

The thermal properties of the samples were measured using a Nezstch LFA 

427 - Laser Flash Apparatus, at temperatures between 30 °C and 1500 °C. 

Rectangular specimens of 10x10 mm with a thickness of 1 mm were employed. 

A short energy pulse heated up the bottom surface of the sample, while the 

temperature on the upper surface was measured and monitored with an 

infrared detector. In some cases the specimens were coated with a graphite 

emulsion to help increase the energy absorbed on the laser side and the 

temperature signal at the detector.  The thermal diffusivity was measured in 

argon atmosphere, using a heating rate of 10 °C/min. Between 3 and 5 

measurements for each temperature were carried out. The “Cowan+pulse 

correction” diffusivity model was used for the processing of the experimental 

data. The thermal conductivities were calculated with Proteus®Software, using 

the acquired data of thermal diffusivity, specific heat and density of the samples. 

The variation of the specific heat of SiC with temperature (T) was calculated as 

(temperature in K) [21]: 

𝐶𝑝 = 1.267 + 0.049 ∙ 10−3𝑇 − 1.227 ∙ 105𝑇−2 + 0.205 ∙ 108𝑇−3  (1) 



 

3. RESULTS 

3.1. Processing of porous structures 

Direct assembly. BCS attachment to the SiC surfaces was evaluated by 

comparing the UV-visible absorbance at the excitation wavelength for 

rhodamine (566 nm, Fig. 1a).  The results indicated that the BCS molecules 

interact with the particle surfaces, and also that the amount of BCS attached to 

the surface depends on the initial (c) and equilibrium (ceq) concentrations (Fig. 

1b, c). The adsorption data can be described by a Langmuir isotherm (Fig. 1c). 

From this fitting, the maximum amount adsorbed (Γmax) is 0.124 mg/m2 (Fig. 

1c).  



 

 

(In Color) Fig. 1 SiC surface functionalization Adsorption behavior of 

(rhodamine modified) branched copolymer surfactant on silicon carbide 

particles at pH 8-9. a) Graph showing the UV-visible spectra for BCS standard 



solutions (black lines) and the supernatants of SiC/BCS solutions with 

concentrations ranging from 0.5 to 3 wt/v%. All curves show the excitation peak 

for rhodamine at 566nm. There is a direct correlation between the intensity of 

this peak and the concentration of BCS in standard solutions and supernatants, 

allowing us to quantify the BCS/SiC adsorption isotherm. b) Attachment vs. 

initial BCS concentration, initially nearly the 100% of the molecules are 

attached, but at concentrations above 3wt/v% the amount of molecules 

adsorbed on SiC surface drops. c) The adsorption behaviour at concentrations 

below 3wt/v% follows the Langmuir model. The Langmuir isotherm equation 

and fitting parameters used to describe the amphiphilic adsorption behavior are 

shown as an inset in (c). Data were obtained for 10 vol % silicon carbide 

suspensions. 

 

 

SiC/BCS suspensions and emulsions show a strong shear thinning behavior 

and viscoelastic properties (Fig. 2a, b). The maximum solid loading for BCS 

stabilized SiC suspensions was 33.5 vol%. These suspensions exhibit 

viscosities up to 183 Pas at a shear rate of 0.004 s-1 (Fig. 2a). An almost 

identical behavior was observed for the emulsions. An amplitude sweep at 0.1 

Hz showed that suspensions and emulsions exhibit a linear and predominantly 

elastic (G’>G’’) behavior at strains below 1%, and their structure is broken down 

at higher strains leading to a non-linear and liquid-like behavior (G’’>G’) (Fig. 

2b). Despite the similarities in rheological behavior between the suspensions 

and the emulsions, it is also noticeable how the storage and loss moduli have 



similar values for the emulsified suspension, while G’’ is well below G’ for the 

suspension at low strains (Fig. 2b). 

Foam-like SiC structures were prepared by lowering the pH of the BCS-SiC 

emulsified suspensions, with of GL. The hydrolysis of this sugar to gluconic 

acid homogeneously dropped the pH throughout the emulsion and activated 

multiple hydrogen bonds between the functionalities on the BCS branches (EG 

and MA). These non-covalent interactions directed the assembly of BCS-

functionalized SiC particles into a very well organized network through the 

continuous phase and O/W interface (Fig. 2d). This network forms a soft solid. 

By measuring the change in the viscoelastic properties with time, we could 

follow the assembly process (Fig. 2c). The starting SiC-BCS suspensions (at 

pH~8) show a liquid-like behavior (G’’>G’), within ten minutes after triggering 

the pH drop both moduli increase and reach the cross-over point (G’=G’’, at this 

point the pH is less than 4, Fig. 2c).  After that, both moduli keep rising at a 

similar rate up to values above 100 MPa. Emulsified SiC suspensions show 

certain elastic behavior prior assembly for the higher SiC and BCS 

concentrations. During the assembly process for emulsified suspensions, the 

crossover point was not detected; both moduli exhibit higher initial values (>10 

Pa) and rapidly increase at initially fast rate up to values close to 100 MPa (Fig. 

2c). After that, both moduli keep increasing but a slower pace and with unstable 

trend as a consequence of noise in the sinusoidal signal. The rheological 

studies indicated that establishing a network within the emulsion took 0.5 to 2 

hours.  



 

(In Color) Fig. 2 Rheological behaviour of SiC suspensions. a) The viscosity 

vs. shear rate graph shows that freeze casting suspensions are nearly 

Newtonian (SiC-FC), while SiC-BCS suspensions and emulsions for directed 

assembly are shear thinning. b) Viscoelastic fingerprints (storage (G’) and loss 

(G’’) modulus) vs. strain for the BCS-SiC suspensions and emulsions. Both of 

them show a linear viscosity region below 2% strain and break down at higher 

strains. The suspension has a liquid-like behaviour (G’’>G’) while the emulsion 

shows solid-like behaviour (G’>G’’) before triggering the assembly. c) Graph 

comparing the self-assembly kinetics for a SiC-BCS suspension and emulsion 

when the pH drops from 8 to pH<4. The kinetics for the suspension shows that 

it initially has a liquid-like behaviour (G’’>G’), afterwards the magnitude of both 



modulus gradually increases and reach the cross over point (G’=G’’) at 

approximately 8 mins. At this point the particle network is established. Both 

moduli keep increasing due to further activation of hydrogen bonds, making the 

particle network stronger.  The kinetics for the emulsion follows the same trend, 

but in this case it is not possible to identify the cross-over due to the 

predominantly elastic behaviour of the emulsion.  d) Scheme illustrating the 

directed assembly depending on the pH. 

 

 

Once the emulsions were dried, the assembled particle networks exhibited very 

well organized foam-like architectures (Fig. 3b). Starting from SiC suspensions 

containing 33.5 vol% particles stabilized with 1 wt/v% of BCS and emulsified 

with 50 vol% decane led to foam-like structures with spherical shaped cells, 

interconnected by micro openings between them (Fig. 3b).  These foam-like 

structures have an apparent relative density of 0.19 ± 0.04 and pore sizes 

ranging from 10 to 150 m before sintering (Fig. 3b). The microscopic SiC 

particles have a wide particle size distribution but also a faceted shape that did 

not facilitate packing and led to a high wall porosity (Fig. 3d). Alternatively, when 

using a mixed particle SiC suspension we obtained porous materials with a 

broader range of microstructures, with pore sizes below 10m, and green 

relative densities between 0.14 and 0.3. Mixing of micro and nano nanoparticles 

improved packing in the walls (Fig. 4 a,b).  

Freeze Casting. SiC suspensions prepared for freeze casting exhibited very 

different rheological behavior compared to the BCS-stabilized ones. For this 

technique, well-dispersed and stable suspensions with low viscosity are 



necessary to facilitate ice growth and avoid sedimentation. SiC suspensions 

with concentrations of 9 and 20 vol% stabilized with TMAH exhibited nearly 

Newtonian behavior with very low apparent yield stress (<0.2 Pa for both cases) 

and viscosities of 0.003 and 0.012 Pas (at 100 s-1) respectively (Fig. 1a). Both 

suspensions were stable (negligible sedimentation) for 1 hour but some 

sedimentation occurred after 1 day, especially for the low concentrated ones.  

Freeze casting of SiC suspensions generated lamellar structures. The walls are 

highly interconnected by thin bridges and have a characteristic surface 

roughness (Fig. 3a). The freezing rate is directly related to the speed of the 

advancing ice-front and the characteristics of the suspension (for example solid 

loading and thermal conductivity). A transparent mould made of Perspex was 

used to follow the ice-front tip growth in the 20 vol% suspension [22]. The 

speeds of the freezing front varied between 13 and 27 µm/s. The faster the 

freezing speed the finer is the microstructure in terms of lamellae thickness and 

pores width. The average lamella and pore sizes (d50) could be controlled from 

30 to 9 and 37 to 12 µm, respectively. Higher speeds also provided a more 

homogeneous size distribution. For the sintering study, we have used green 

lamellar scaffolds with relative densities ranging from 0.1 to 0.2, resulting from 

suspensions with 20 vol% and 9 vol% solid loading respectively. Although the 

nominal single particle SiC powder used had a wide particle size distribution 

their faceted shape did not facilitate optimum packing in the lamellae walls 

causing low green densities (Fig. 3c). As an alternative SiC suspensions with 

double particle size distributions were also freeze-casted. This provided better 

particle packing in the walls of the green structures. It also affected the freezing 

pattern. In freeze casted materials there are domains of lamella in different 



orientations in the plane perpendicular to the direction of ice growth. A bi-modal 

particle size distribution results in structures with smaller domains (Fig. 4 c,d).  

 

 

Fig. 3 SiC architectures before sintering obtained by freeze-casting (a) and 

directed assembly of responsive SiC emulsions (b). a) Freeze casted structures 

have lamellae aligned in domains and connected by bridges between them as 

a consequence of the ice templating process. b) Foam like structure obtained 

from the directed assembly of a suspension prepared with 33.5vol% SiC 

particles, emulsified with 50vol% decane. c) and d) details of the SiC particles 

in the walls of a lamellae (c) and foam (d). SiC particles show a faceted irregular 

shape that leads to the formation of voids between the particles.  

 

 



 

Fig. 4  SiC microstructures obtained using a bimodal particles size distribution 

with freeze casting and emulsion template approach. The pictures shown are 

of the samples after sintering. (a-b) Directed assembly of responsive SiC 

emulsions produce small and homogenously distributed pores, (b-c) Freeze 

casted structures show an high number of domains.   

 

 

  

 

 

3.2. Sintering 

Wall densification was only achieved for samples that underwent liquid state 

sintering in a conventional furnace at 1800 °C for 2h, on top of a SiC/Al2O3 

powder bed (the powder bed contained 4 wt% of Al2O3) in a closed crucible. 



These samples retained the microscopic pore morphologies (Fig. 5). They 

exhibited good mechanical integrity and can be easily cut and polished. All the 

other cases (liquid state sintering or solid state in the conventional graphite or 

SPS furnaces, Fig. 6) resulted in very limited wall densification. The resulting 

materials have very low density (~0.20), and the pores are highly 

interconnected (up to 98% open pores). All the following results are for 

mechanical and thermal analyses performed on the scaffolds sintered using a 

liquid state sintering with a powder bed. 

 

 

Fig. 5 SiC structures subjected to LS in conventional graphite furnace using a 

mix particles (SiC and Al2O3) sintering powder bed.  

 



 

Fig. 6 SiC porous structures obtained by freeze casting and emulsion template 

sintered with a solid state (SS) approach (using Boron and Carbon as sintering 

aids) using a conventional graphite furnace and SPS.  

Presureless SPS did not preserve the original architectures of the lamellar (a) 

and foam like (b) structures. The sintering was not homogenous throughout the 

samples, highly likely due to the fast heating rates that did not enable the 

formation of a uniform atmosphere within the samples. These conditions limited 

the grain growth but also to poor densification of the walls due to the high 

fraction of voids between grains.  



c,e) SS in conventional graphite furnace. SS of the lamellar and foam-like 

structures led to poor consolidation and to exaggerated grain growth with 

platelet shape. a) In the freeze casted scaffolds, platelets were partially aligned 

in the lamellae. b) The lack of sintering between the platelets led to highly 

interconnected porosities (relative densities up to 0.18 with 76% open pores) 

and poor consolidation of the foams like structures. The highest 

densities obtained for SiC freeze casted and directed assembled scaffolds 

were 0.71 and 0.79 g/cm3 respectively.   

 

 

3.3. Characterization. 

Structural. The porosity of foam-like structures was significantly reduced after 

sintering, final relative densities varied between 0.35 and 0.5. Samples 

prepared using only one type of particles (with d50 450 nm) exhibited an average 

isotropic shrinkage of 57 ± 5% and final relative densities of 0.45 ± 0.02 with 

open porosity ranging from 20 to 60%, and pore sizes ranging from 5 to 120 

m. Foams prepared using mixed particle emulsions with 16 vol% solids shrunk 

over 66% with final relative densities of 0.40 and open porosity up to 56%.  

Freeze casted scaffolds obtained from SiC suspensions with 9 vol% solids, 

showed a final relative density of ~0.25 independent of the freezing rate. An 

increase of the solid loading up to 20 vol% increased the density to ~0.44. 

Samples with 9 and 20 vol% solid loading shrunk isotropically an average of 

26% and 23% respectively in the freezing direction (related to the initial green 

dimensions). In all cases, faster freezing rates resulted in thinner lamellae and 

smaller pores (Table 2).  



Table 2. Morphological features and mechanical properties of SiC scaffolds sintered 

at 1800C, for 2 hours in a conventional graphite furnace on a powder bed. All samples 
have been fabricated using one type of SiC particles (d50 450 nm) 
 

 Freeze casting Emulsification 

Solid loading 9 vol% 20 vol% 33 vol% 

Freezing rate 
(K/min) 

5  15  5  15  

 
 

Lamellae 
thickness 

(m) 

3.6 ± 1.0 3.1 ± 0.8 11.3 ± 2.2 9.3 ± 1.4 

Pore size* 

(m) 
15. 5 ± 4.9 13.0 ± 3.9 14.9 ± 2.6 12.7 ± 3.2 30 ± 20 

Compressive 
strength 
(MPa) 

22±3 33±6 107±13 135 ± 23 265 ± 64 

Flexural 
strength 
(MPa)  

Dismissed Dismissed 40±16 37±18 33 ± 5 

 

Composition. For all samples, independently of the forming route, XRD 

analysis confirmed the evolution of the SiC crystalline structure from 6H to a 

mixture of 6H and 4H poly-types after sintering [4]. Secondary phases, such as 

Al5Y3O12 and Al2O3 were also identified (Fig. 7a). These results match the 

transmission electron microscopy observations. TEM images revealed different 

secondary phases (with a size of 100-600 nm and irregular shape) 

homogeneously distributed in between the SiC grains. Two different phases 

were identified by EDX: the first and more frequently found contains Al, Y and 

O with an atomic ratio Al/Y ~ 1.7 (the brightest in the HADDF image, Fig. 7 b,c), 

and the second contains Al and O (with lower contrast in Fig. 7b). Micro-

diffraction patterns of the two phases confirmed that they are single crystalline 

Al5Y3O12 and Al2O3 respectively, in agreement with the XRD results. The grain 

boundaries between these secondary phases and SiC grains were clean and 

had an ordered structure, however glassy pockets rich in Al and O were found 

at some triple junctions (Fig. 7d). No thick equilibrium glassy film was found at 



the SiC grain bound but a small degree of disorder was observed. EDX analysis 

shows that these grain boundaries are rich in Al and Y but deficient in Si. 

 

 

 

(In Colour) Fig. 7 TEM images of LPS silicon carbide using a sintering powder 

bed. a) X-ray spectrum of raw SiC powder and LPS. b,c) HRTEM-HAADF 

images, where the darkest grains are SiC and the brighter phases are 

secondary phase; the brightest phase contains Al-Y-O, the less one only Al-O. 

The secondary phases present an ordered crystalline structure. d) Glass pocket 

at SiC and Al5Y3O12 triple junction.  

 

 



Mechanical properties. Foam-like structures exhibit crushing strengths up to 

350 MPa (Table 2, Fig. 8a). Typical stress-strain compression curves have an 

initial linear elastic region where the stress quickly raises until a crushing event. 

A sudden decrease in stress takes place at strains above 10%. After the initial 

critical crushing, the curves show a plateau where the foam with clear 

macroscopic cracks holds loads above 100 MPa before densification. Stress-

strain curves for the freeze casted materials show a different behavior. It was 

not possible to identify a critical crushing event for these structures; the stress 

initially increased with the strain until they reach a maximum and then gradually 

decreased without showing a clear crushing point. The structure did not fail 

catastrophically but a plateau region could be observed before densification 

(Fig. 8a).  

Loading direction and processing conditions affected the crushing strength of 

freeze casted structures. Faster freezing rates (from 5 to 15 K/min) and higher 

solid contents led to higher strengths. Lamellar structures prepared from 

suspensions containing a mixed particle size distribution exhibited higher 

crushing strengths up to 280 MPa. 

Despite the different behavior in compression, both types of structures have 

similar behaviors and strengths in flexural tests (Fig. 8c). Stress-strain curves 

show a short linear elastic region before critical fracture (Fig. 8c). The bending 

strengths follow the trend of similar materials found in literature (Table 2, Fig. 

8d) [28]. Moreover, the bending strength of freeze casted structures does not 

significantly change with the processing conditions (for example freezing rate). 

In general, higher solid contents led to higher densities and as a consequence 

to an improvement of both, crushing and bending strengths. Flexural strengths 



for freeze casted scaffolds with low solid content (9 vol%) and high porosity 

were dismissed. Due to their high porosity bending tests are not suitable for 

theses samples. The rods of the loading set-up made deep indentations in the 

samples from where cracks formed that led to failure. 

 

 

 

(In Colour) Fig 8.  Mechanical characterization of freeze casted and emulsion 

templated SiC porous scaffolds sintered with LPS approach and sintering 

powder bed. a) Crushing strength of LPS freeze cast and emulsion templated 

SiC porous structures. The curves show the crushing resistance of the freeze 

cast scaffolds parallel to the freezing direction. b) Comparison of compressive 

strength vs. relative density of freeze cast and emulsion samples with other SiC 

macroporous scaffolds produced with different shaping techniques. In order to 

calculate the relative density a ρSiC of 3.21 g/cm3 has been considered. The 



fitting model for Open-cell foams in fracture dominated behaviour, for 

honeycombs loaded out of plane and for a linear fitting are reported. Different 

curves for the fracture dominated behaviour fitting are reported considering 

different strength (σwall) of the SiC struts, from 40MPa up to 4GPa. c) Bending 

test curve in 4PB of SiC porous bars. d) Comparison of flexural strength vs. 

porosity of freeze cast and emulsion templated SiC scaffolds and other SiC 

macroporous structures. Data from the literature comes from 3 and 4 point 

bending tests on samples with different sizes. This contributes to the scatter in 

the data and hampers comparison with theoretical models. Data taken from 

[23,24] 

 

Thermal conductivity. The thermal conductivity of freeze casted scaffolds 

prepared with different solid loadings and freezing rates were measured along 

the two main anisotropic directions (parallel and perpendicular to the freezing 

direction). The isotropic foam-like scaffolds were measured in two random 

orientations (Fig. 9a). In general, thermal conductivity decreases with 

increasing porosity due to the gas trapped into the porous structures. A slight 

increase of thermal conductivity is observed when increasing the freezing rate. 

A significant decrease is observed when the thermal conductivity is measured 

perpendicular to the freezing direction, suggesting that pore morphology has a 

role on the final properties of the scaffolds. Self-assembled foam-like structures 

with a relative density of 0.51 have lower thermal conductivity values than 

freeze-casted scaffolds with lower relative densities of ~0.44 (Fig. 9a) with no 

significant variations along different directions. 

 



 

 

(In Colour) Fig. 9 Thermal conductivity of freeze cast and emulsion templated 

SiC porous structures sintered with LPS approach and sintering powder bed. 

a) Freeze cast scaffolds are analysed in the direction parallel and perpendicular 

to the freezing path. b) Thermal conductivity vs. porosity for the analysed 

scaffolds and other SiC macroporous scaffolds produced with different 

techniques. For the Ashby model a λs of 114 W/m*K for SiC [25] and a λg of 

0.025 W/m*K for dry air at room temperature [26] have been considered. Data 

taken from [23].  



 

 

DISCUSSION 

The surface functionalization of SiC particles and oil droplets with BCS enables 

the controlled assembly of responsive SiC particles in the continuous phase 

and also at the interfaces of oil-in-water emulsified suspensions. This soft 

templating process combined with the versatility of the responsive ceramic 

particles provides an efficient approach to create SiC complex ceramics 

structures. The BCS molecules attach to SiC surfaces (Fig. 2) and their 

adsorption behavior can be described using a Langmuir isotherm (Fig. 2c). The 

fitting parameters provide the maximum amount of BCS that can be adsorbed 

onto the surface (max=0.124 mg/m2), indicating that the surface of the particles 

in a suspension with a concentration of 10 vol % would be fully covered by 

using an initial concentration of BCS between 1 and 2 wt/v%. However, it is 

necessary to find a compromise between surface coverage, particle 

stabilization, functionalization, and rheological behavior while minimizing the 

amount of additive. We found that using an initial amount of 1 wt/v% (in the 

starting BCS solution) is enough for particle stabilization and functionalization. 

The interaction of BCS with the SiC surfaces may take place through a 

combination of mechanisms that differ slightly to other surface chemistries [14]. 

For alumina and graphene oxide we found a larger surface coverage of BCS 

[14,27] with behaviors that deviate from Langmuir. The difference here is that 

the SiC surfaces are negatively charged at pH 8. SiC in water tends to oxidize 

to SiO2, which also has a negative surface charge at this pH. The negative 

charges on SiC/SiO2 surfaces at pH=8, hamper the electrostatic attraction 



between the ionized MAA branches in the BCS (COO- negatively charged) and 

the SiC/SiO2 surfaces [28,29]. These electrostatic repulsions may lead to an 

open loop conformation of BCS on the adlayer, compared to the BCS 

arrangement at other surfaces (for example, Al2O3, or graphene oxide) where 

there are multiple attractive electrostatic interactions [14,15,27]. BCS has a 

very complex branched architecture, thus making difficult to predict and model 

the molecular conformation around the surfaces. However, due to these 

electrostatic repulsions, the BCS molecules may have fewer anchoring points 

to the SiC/SiO2 surfaces, thus probably leading to the formation of more loops, 

and comb-like structures around the particle surfaces. This conformation is 

highly likely the responsible for the high viscosity of the suspensions and 

explains the predominantly elastic behavior in the emulsions (G’>G’’, Fig. 2). 

Possibly for the same reason, the maximum solid loading was limited to 33.5 

vol%, and even lower, only up to 16 vol%, when preparing suspensions from 

mixed SiC particles. 

These highly viscous suspensions can be easily emulsified with decane to 

obtain stable oil in water emulsions. The O/W interface is stabilized by the BCS 

molecules [17] and probably the functionalized SiC particles forming Pickering 

emulsions as it has been also observed for Al2O3 [14]. Particle size, shape and 

concentration play a very important role on interfacial stabilization and 

emulsification and therefore determine the microstructure of the material. For 

example, by using a suspension with mixed particles it is possible to emulsify 

suspensions with 16 vol% solids to obtain very stable emulsions with smaller 

droplet size, thus reducing the apparent relative green density down to 0.14 

and the final pore size below 10m (Fig. 3b,d).  



A controlled pH drop with GL, triggers the assembly of a 3D particle network 

in the continuous phase and interfaces of these emulsions, thanks to the 

establishment of hydrogen bonds between the BCS molecules functionalizing 

the particles and oil-water interfaces. These molecular interactions are 

responsible for the establishment of a very well organized structure built from 

the nano to the macro scale [15]. The aggregation kinetics differs between 

suspensions and emulsions. For both, G’ and G’’ values gradually increase 

immediately after triggering the pH due to the establishment of a particle 

network. There is an initial plateau, then a steep increase and a secondary 

plateau. Both moduli increase at a similar pace. The crossover point is just a 

relative parameter that indicates the transition from a liquid-like to a solid-like 

behavior that also depends on the conditions set during the measurement. The 

emulsified suspension shows a predominantly elastic behavior (G’>G’’) before 

triggering the assembly making and it is not possible to identify a crossover. 

They become stiffer after the pH drop due to the formation of a particle network. 

Consequently, the storage and loss modulus increase rapidly. The assembly 

process takes place within half an hour (Fig. 2c, d), and after a steep rising of 

G’, G’’, the quality of the signal decreases, what it might be related with the 

structure breaking down under the oscillating shear. At this stage, the particles 

can dis-assemble back into an emulsified suspension by raising the pH, or the 

solvents can be evaporated in order to obtain a solid 3D architecture. By 

manipulating the processing conditions (i.e. solid loading, emulsification and 

assembly), we can tune the morphological features of the foam-like structures.  

Stable and dispersed suspensions, with low viscosity, are needed to facilitate 

lamellar ice growth and avoid sedimentation during freeze casting. The 



rheological behavior of the SiC-TMAH suspensions, nearly Newtonian with low 

viscosity, was optimal for ice-templating, which took place always within 1 hour. 

The limited sedimentation observed in the less concentrated suspension was 

probably due to a lower steric stabilization. Using the description of Wegst et 

al. [30] of the sedimentation phenomena occurring within a colloidal suspension 

and considering a particle of silicon carbide in 0°C water it is possible to 

calculate that the maximum radius for laminar flow is 40.5 µm. The silicon 

carbide particles used in this study having a diameter of 0.4 µm can be 

considered in laminar-flow and their sedimentation velocity can be estimated to 

be ~0.43 µm/s, which is relatively slow. Freeze casting enables certain level of 

microstructural control by manipulating the slurry concentration, freezing rate 

and additive formulation [31,32]. A decrease in solid loading leads to an 

increased porosity while the freezing rate determines the lamellae wavelength. 

As it has been previously observed with a range of materials, faster freezing 

speeds result in thinner lamellae and pores. At low freezing front speeds (below 

20 µm/s), minimal changes on the freezing speed significantly influence the 

final wavelength. As the freezing front speed increases the variation of the 

wavelength with the freezing rate slows down substantially and it seems difficult 

to reach wavelengths inferior to ~20 µm while using microscopic particles, as 

has been already reported in a previous study [10].     

During sintering the challenge is to consolidate the SiC particles into a strong 

structure with dense walls, while preserving the porous architecture. Limited 

sintering results in poor cohesion and weak structures meanwhile large 

densification could reduce the desired porosity, making necessary to find a 

compromise between them. Different processing routes have been used to 



fabricate porous SiC structures with different range of porosities and pore sizes. 

The partial sintering method produce porous SiC with porosity below 65% and 

pore sizes going from 0.1 to 10 µm [23]. This method usually requires low 

sintering temperatures to partially sinter coarse SiC particles producing 

uniformly distributed residual porosity. It does not require the use of sintering 

additives. The replica method allows the fabrication of highly porous scaffolds 

with porosity ranging from 60 up to 98% and cell size from 100 µm up to 

millimeters providing limited microstructural control [23]. In this case the amount 

of additives and the sintering temperatures influence strongly the final porosity. 

Sacrificial template methods, as the ice-templating used in this study, use a 

template as pore forming agent that is subsequently removed during sintering. 

This technique allows good control over the porosity, pore size and pore 

morphology, producing porosities that can range from 15 up to 95% and pore 

sizes from 1 to 700 µm [23]. Sintering conditions have to be properly tailored to 

preserve the microstructure imposed during processing. Alternative methods, 

to overcome the sinterability problems of SiC, are the use of pre-ceramic 

polymer precursors or wood-derived carbon foams. The advantages of these 

processes are lower sintering temperature (1000-1200°C) and no need of 

sintering aids, but they also show some disadvantages. Wood derived scaffolds 

are strongly anisotropic [25] and often, residual carbon and silicon are 

generated [33]. The use of pre-ceramic polymer precursors leads to large 

shrinkage during the conversion that produces defects and cracks within the 

foams [7]; increasing the firing temperature at which the polymer is converted 

into ceramic increases shrinkage. Finally, in both cases the processes needed 

to achieve the final products are extremely complex and involve many different 



steps. In this study two different sintering routes were considered, solid and 

liquid phase sintering. Solid state sintering always led to exaggerated grain 

growth with the formation of large SiC platelets and poor wall densification (Fig. 

6 c, d, e, f). Scaffolds sintered in the SPS showed heterogeneities and multiple 

cracking. The high speed of the SPS process combined with the low thermal 

conductivity of the porous structures can results in inhomogeneous 

temperature distribution. The process is not appropriate for the sintering of 

delicate porous structures (Fig. 6 a, b). Another factor that hampers 

densification is poor packing of the faceted and irregularly shaped SiC particles 

(Fig. 3c, d).  

Liquid state sintering, with large amount of additives (up to 20wt%), has been 

previously used to consolidate porous SiC structures [10]. In this work we are 

able to improve the wall densification and preserve the porous architectures, 

by combining liquid phase sintering (with reduced amount of additives) with a 

controlled atmosphere that prevents evaporation. The liquid phase formed at 

high temperature promotes sintering thus increasing the density of the walls. 

By placing the samples on top of a SiC/Al2O3 powder bed, it is possible to create 

a controlled atmosphere at high temperature. The powder bed in a closed 

crucible generates volatile metal sub-oxides with sufficient partial pressure to 

prevent, or limit the evaporation of the sintering aids, and therefore enhance 

densification [18,19]. Optimal wall densification is achieved when the powder 

bed contains 4 wt% of Al2O3 (Fig. 5). Both, lamellar and foam-like structures 

show good wall densification and also preserve the original microstructure (Fig. 

5). Under these conditions liquid sintering also implies considerable shrinkage. 



As expected the additives react to form crystalline Al5Y3O12 and Al2O3 (Fig. 

7)[4,34].  

The different structures resulted in different qualitative stress/strain response 

under compression. In the foams, critical fracture events that result in a clear 

stress reduction can be identified followed by a plateau. This is a characteristic 

behavior for brittle foams where the drops in strength correspond to the fracture 

of cell walls. In layered materials the decrease in strength (compression in the 

direction parallel to the ice growth direction) is more gradual. It has been 

proposed that the layered materials fail by buckling. Gradual failure could result 

from the consecutive failure of individual layers. Foams seem to reach much 

larger compressive strengths. It was possible to reach higher compressive 

strengths in the freeze casted materials (comparable to foams) by using double 

particle size distributions. The reason can be double: better particle packing 

and wall densification and a change towards a more isotropic structure where 

the lamellae domains are smaller and the walls more interconnected.  

Different models can be used to analyse the experimental data (Fig. 8b). 

According to these models, the following equations can be used to predict the 

strength of the porous material, foam  [35]: 
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were wall is the strength of the walls, Ewall their Young Modulus and foam and 

wall the density of the foam and the walls respectively. 

The freeze cast and emulsion samples produced in this study are in upper limit 

in terms of crushing strength compared with samples with similar density 

obtained with different shaping technologies (Fig. 8b). As the relative density of 

the scaffolds increases above 0.1, the honeycomb model fits better the 

experimental data. 

Fitting to the honeycomb model that fits best the freeze cast scaffolds an elastic 

modulus of Ewall = 230 MPa is obtained [36]. This elastic modulus is three orders 

of magnitude lower than the value for dense SiC (~400GPa [37]). A lower 

modulus could be explained by incomplete densification of the lamellae walls. 

The morphology of the SiC freeze casted scaffolds can be also closely 

modelled as parallel plates loaded in compression rather than proper 

honeycombs. Considering buckling as the dominant failure mode for freeze 

casted structures [38] and applying the equation for Euler buckling, [39]: 

 2
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KL
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         (5) 

where F is the force that will cause Buckling,  I the first momentum of inertia 

(bh3/13, b and h the wall width and depth, 20 and 100 µm respectively), Ewall the 

elastic modulus of SiC (400GPa), K=1 for a wall with hinged ends and L is the 

length of the beam (5 mm). The expected strength (σ = F/(b·h)) for a single 

lamellae failing due to buckling is ~135 MPa. This value is similar to the 

experimental one obtained by compression, meaning that failure of freeze cast 

scaffolds could be caused by buckling.  



Previous works on the mechanical behavior of alumina foams point towards 

bending tests as the best tool to quantitatively compare different porous 

materials as it is easier to identify a fracture point [40]. The bending strengths 

of the freeze casted structures in the stronger direction are very similar to those 

of foams and depend mostly on the density.  

The thermal conductivities are of the order of those reported for porous SiC [23] 

suggesting again that density is the main factor. As expected from their 

architecture, materials fabricated by emulsification exhibit an isotropic response 

while freeze casted materials are highly anisotropic. They show higher thermal 

conductivity in the longitudinal direction (parallel to freezing rate), due to the 

heat transfer along the dense lamellae. The conductivity drops in the direction 

perpendicular to the freezing front. The differences between samples with same 

solid loading but obtained with different freezing conditions may be related to 

the number of lamellae per unit of transversal area. Samples frozen at higher 

freezing speed showed slightly higher thermal conductivity of those frozen at 

5°C/min for both solid contents. A decrease of the thermal conductivity is 

observed for all the samples when increasing the temperature up to 1500°C 

(Fig. 9a). As reported in a previous study [26] at high temperature, in highly 

porous ceramics, the radiative component of the thermal conductivity reaches 

significant values. Therefore the variation of the thermal conductivity with 

temperature depends strongly on the material and the structure. The 

contribution of gas convection to the thermal conductivity changes significantly 

less than the solid conduction components over a large range of temperatures 

[38], which can explain the very small variation of the thermal conductivity with 

the temperature in the perpendicular direction to the freezing rate. In the latter 



case, the contribution of the gas phase (entrapped between the ceramic 

lamellae) to the conductivity becomes more relevant. In all cases, thermal 

conductivity remains relatively stable up to high temperature making these 

scaffolds suitable for high temperature applications. Similar values of thermal 

conductivity can be found in literature for SiC macroporous scaffolds produced 

with different processing techniques [23]. Considering a simple model proposed 

by Ashby [35], where the thermal conductivity of a foam can be considered as 

the thermal conductivity through the solid walls and the air entrapped between 

the pores, the thermal conductivity can be calculated using the following 

equation: 
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where λfoam is the thermal conductivity of the scaffold, λs is the thermal 

conductivity of the bulk material and λg is the thermal conductivity of the 

entrapped gas. Despite the fact the Ashby model is for isotropic foams, the 

thermal conductivity of the freeze casted scaffolds, in the direction parallel to 

the freezing direction, seems to follow a trend similar to the model predictions 

(Fig. 9b). The thermal conductivity in the direction perpendicular to the freezing 

direction decreases faster as the porosity increases compared to the model 

probably due to the less effective heat transfer within this configuration.  

 

CONCLUSION 

Porous SiC preforms have been fabricated through the directed assembly of 

responsive emulsions or by freeze casting. The resulting structures are very 

different. While emulsions can be used to fabricate isotropic foams, freeze 

casting results in highly oriented lamellar materials. Different processing 



variables (solid loading on the starting suspensions, particle size distribution, 

emulsification or freezing conditions) can be used to manipulate structure 

(porosities, pore sizes and shapes). After forming, liquid phase sintering in a 

controlled atmosphere is the best way to promote consolidation and the 

formation of dense ceramic walls in the structures. Our data show that there is 

a clear relationship between processing conditions, microstructure and 

mechanical properties and thermal conductivity. Strength seems to depend 

mostly on density although in freeze casted materials structures with smaller 

lamellar domains tend to be stronger. The values obtained in this work are in 

the upper limit of those reported for porous SiC with similar densities fabricated 

by other techniques. Thermal conductivities also depend mostly on density and 

are relatively stable up to 1500°C although the materials architecture also 

results in some differences. As expected, the conductivity of freeze casted 

materials is anisotropic and significantly lower in the direction perpendicular to 

the ceramic lamellae.  
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