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Abstract. Porous silicon carbide (SiC)-based ceramics exhibit exceptional structural 
and functional properties, such as excellent mechanical, chemical, and thermal stability, and 

controlled electrical resistivity. Owing to their superior properties, porous SiC ceramics are 

suitable for various industrial applications, including heatable filters, heating elements, 
thermoelectric energy converters, fusion reactors, thermal insulators, water purifiers, molten 

metal and hot gas filters, diesel particulate filters, membrane supports, and catalyst supports. 

A deeper understanding of the mechanical properties of porous SiC ceramics, coupled with 

the development of new strategies for tuning these properties, will enable the realization of 
numerous new applications. In this review, important factors known to determine the 

mechanical strength of porous SiC ceramics, such as microstructures (necking area) and 

pore characteristics (porosity, pore size), have been analyzed. With increasing porosity and 
pore size of porous SiC ceramics, the flexural strength tends to decrease. The flexural 

strength increases with decreasing pore size at a constant porosity, whereas the flexural 

strength decreases with increasing porosity at a constant pore size. In addition, the flexural 
strength of porous SiC ceramics is primarily influenced by the developed necking area 

between SiC grains, which can be obtained through the doping of soluble atoms into the SiC 

lattice. Based on these critical factors affecting the mechanical properties, a novel strategy 

for tuning the flexural strength of porous SiC ceramics is proposed. 
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Аңдатпа. Кремний карбиді (SiC) негізіндегі кеуекті керамика жоғары 
механикалық, химиялық және термиялық тұрақтылық, сондай-ақ бақыланбалы 

электр кедергісі сияқты ерекше құрылымдық және функционалдық қасиеттерге ие. 

Аталған ерекше қасиеттеріне байланысты SiC кеуекті керамикасы әртүрлі 

өнеркәсіптік қолданбаларға, соның ішінде жылытылатын сүзгілерге, қыздыру 
элементтеріне, термоэлектрлік энергия түрлендіргіштеріне, термоядролық 

реакторларға, жылу оқшаулағыштарына, су тазартқыштарға, балқытылған 

металл және ыстық газ сүзгілеріне, дизель отынына арналған бөлшек сүзгілерге, 
мембраналық субстраттарға және катализаторларға жарамды. Кеуекті SiC 

керамикасының механикалық қасиеттерін тереңірек түсіну, осы қасиеттерді 

теңшеудің жаңа стратегияларын әзірлеу, көптеген жаңа қолдану аяларын жүзеге 
асыруға мүмкіндік береді. Бұл шолуда кеуекті SiC керамикасының механикалық 

беріктігін анықтайтын маңызды факторлар, мысалы, микроқұрылым (байланыс 

аймағы) және кеуек сипаттамалары (кеуектілік, кеуек өлшемі) талданды. Кеуекті 

SiC керамикасының кеуектілік пен кеуектің өлшемі ұлғайған сайын иілу беріктігі 
төмендейді. Иілу беріктігі тұрақты кеуектілік кезінде кеуек өлшемінің 

төмендеуімен артады, ал тұрақты кеуек өлшемінде кеуектіліктің жоғарылауымен 

иілу беріктігі төмендейді. Сонымен қатар, кеуекті SiC керамикасының иілу 
беріктігіне ең алдымен SiC түйіршіктері арасындағы дамыған байланыс аймағы әсер 

етеді, оны SiC торына еритін атомдарды енгізу арқылы алуға болады. Механикалық 

қасиеттерге әсер ететін осы маңызды факторларға сүйене отырып, кеуекті SiC 
керамикасының иілу беріктігін реттеудің жаңа стратегиясы ұсынылды. 

Түйін сөздер: SiC керамика, кеуектілік, кеуек өлшемі, байланыс аймағы, 

механикалық қасиеттері. 
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Аннотация. Пористая керамика на основе карбида кремния (SiC) обладает 
исключительными структурными и функциональными свойствами, такими как 

превосходная механическая, химическая и термическая стабильность, а также 

контролируемое электрическое сопротивление. Благодаря своим превосходным 
свойствам пористая керамика SiC подходит для различных промышленных 

применений, включая нагреваемые фильтры, нагревательные элементы, 

термоэлектрические преобразователи энергии, термоядерные реакторы, 

теплоизоляторы, водоочистители, фильтры для расплавленного металла и горячего 
газа, сажевые фильтры для дизельного топлива, мембранные подложки и 

катализаторы. Более глубокое понимание механических свойств пористой керамики 

SiC в сочетании с разработкой новых стратегий настройки этих свойств позволит 
реализовать множество новых применений. В этом обзоре были проанализированы 

важные факторы, которые, как известно, определяют механическую прочность 

пористой керамики SiC, такие как микроструктура (область соединения) и 
характеристики пор (пористость, размер пор). С увеличением пористости и размера 

пор пористой керамики SiC прочность на изгиб имеет тенденцию к снижению. 

Прочность на изгиб увеличивается с уменьшением размера пор при постоянной 

пористости, тогда как прочность на изгиб уменьшается с увеличением пористости 
при постоянном размере пор. Кроме того, на прочность пористой керамики SiC при 

изгибе в первую очередь влияет развитая область соединения между зернами SiC, 

которая может быть получена путем введения растворимых атомов в решетку SiC. 
Основываясь на этих критических факторах, влияющих на механические свойства, 

предложена новая стратегия настройки прочности пористой керамики SiC на изгиб. 

Ключевые слова: SiC керамика, пористость, размер пор, область соединения, 

механические свойства. 
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1 INTRODUCTION 

 

Porous silicon carbide (SiC) ceramics are one of the most important advanced ceramic 

materials which have gained immense attention and have an imporatant role in various industrial 

fields. Owing to their remarkable properties and versatility they have large potentials for both 

structural and functional applications (Fukushima et al., 2008; Ihle et al., 2006; Fukushima et 

al., 2006; Ohji & Fukushima, 2012; Colombo P., 2008). The unique combination of properties 

(e.g., excellent corrosion resistance, high fluid permability, good chemical stabilities, excellent 

heat resistance, high thermal shock resistance, low thermal expansion coefficient, and excellent 

mechanical properties) make the porous SiC ceramic a potentially useful material for various 

advanced applications such as heatable filters, heating elements, thermolectric energy converters, 

fusion reactors, thermal insulator, water and air purifier, filtration of molten metals and hot gases, 

diesel particulate filters, membrane supports, and catalyst supports (Sandra et al., 2016; Dey et 

al., 2013; Zhou et al., 2011; Eom et al., 2008; Ferraro et al., 2018; Durif et al., 2019; Ding et 

al., 2006).  

The properties and performances of porous SiC ceramics, especially, mechanical properties 

are directly related to their microstructures, pore characteristics (e.g., porosity, pore size, and pore 

morphologies), and necking area. Gomez-Martin et al. (Gomez-Martin et al., 2016) reported that 

the compressive strength of biomorphic SiC ceramics decreased from 115 and to 3 MPa with an 

increase in porosity from 47 to 72%. The flexural strength of polysiloxane derived porous SiC 

ceramics decreased from 80 to 10 MPa as the porosity increased from 35% to 70% (Eom et al., 

2008). To summarize, the strength of porous SiC ceramics decreases with an increase in porosity.  

The effect of pore size on the strength of porous SiC ceramics was investigated by many 

researchers. Eom and Kim reported that with an increase of pore size both compressive and 

flexural strengths of porous SiC ceramics decreased at the same porosity (Eom & Kim, 2008). 

Hotta et al. reported similar results for porous SiC ceramics prepared by partial sintering technique 

(Hotta et.al, 2012). The compressive strength of porous SiC ceramics increased by starting with 

smaller SiC particles, which led to a smaller pore size (Rajpoot S., 2021). In summary, the strength 

of porous SiC ceramics increases with a decrease in pore size at the equivalent porosity.  

Wan & Wang (Wan & Wang, 2018) reported that the compressive strength of porous SiC 

ceramics increased from 47 MPa to 78 MPa by increasing the necking area between SiC grains at 

a similar porosity of 54% and 56%. The compressive strength of porous SiC ceramics dramatically 

increased from 122 to 513 MPa by increasing the bonding area (necking area) between SiC grains 

at a constant porosity of ~60% (Fukushima et al.). She et al. (She et al., 2002) reported that the 

well-developed necks between particles showed flexural strength up to 185 MPa and 88 MPa for 

porous SiC ceramics prepared from fine and coarse a-SiC powders, respectively. Similar results 

have been reported for oxidation bonded porous SiC ceramics (Ding et al., 2006), silica bonded 

porous SiC ceramics (Kim et al., 2020), and porous recrystallized SiC ceramics (Zhang et al., 

2020). In summary, the strength of porous SiC ceramics increases with increasing bonding area 

(necking area) at the equivalent porosity. 

The mechanical properties of porous SiC ceramics are fundamental to their performance 

across a broad range of applications. These properties ensure the materials can withstand various 
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stresses, maintain structural integrity, and provide reliable, long-lasting performance in demanding 

environments. 

 

 

2 FACTORS AFFECTING FLEXURAL STRENGTH OF POROUS SIC CERAMICS  

 

Studying the mechanical properties of porous SiC ceramics is essential for several reasons: 

(1) understanding the mechanical properties allows for the optimization of SiC ceramics for 

various applications, ensuring they meet specific performance requirements; (2) knowledge of 

mechanical properties aids in the selection of appropriate materials for specific applications, 

enhancing efficiency and functionality; (3) insights into mechanical properties facilitate better 

design and engineering of components, leading to improved reliability and durability; (4) 

continuous study fosters innovation in the development of new materials and applications, pushing 

the boundaries of current technology. Mechanical strength is crucial in various application fields 

of porous SiC ceramics such as aerospace and defense, automotive industry, energy sector, 

industrial processing, filters, catalysts, biomedical implants, electronics and semiconductors, 

chemical processing, environmental engineering. For aerospace and defense, automotive industry 

maintaining structural integrity under various loads is essential. Good mechanical properties 

ensure that components can withstand stress and avoid failure. In energy sector, electronics and 

semiconductors a high thermal stability is critical in high-temperature environments. Mechanical 

properties like strength and toughness at elevated temperatures ensure performance and reliability. 

Filtration systems for water and air purification in environmental engineering required structural 

integrity and long-term performance for effective filtration and environmental protection. High 

thermal conductivity and mechanical strength are critical for efficient heat dissipation and 

structural integrity in electronic substrates, heat sinks. 

Understanding the mechanical properties of porous SiC ceramics is fundamental for 

optimizing their performance across diverse applications, ensuring that these materials meet the 

rigorous demands of modern technology and industry. 

 

 

2.1 POROSITY 

 

Porosity is a critical factor that influences the mechanical strength of porous SiC ceramics. 

The relationship between porosity and mechanical strength is generally inverse; as porosity 

increases, the mechanical strength tends to decrease. This reduction in strength is due to the 

introduction of voids within the material, which act as stress concentrators and reduce the load-

bearing cross-sectional area. 

Studies have shown that the mechanical strength of porous SiC ceramics decreases 

exponentially with increasing porosity. For instance, a ceramic with higher porosity might exhibit 

significantly lower strength compared to a ceramic with lower porosity. The reduction in strength 

can be attributed to the fact that pores disrupt the continuity of the material, leading to easier crack 

initiation and propagation under applied stress. 
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Figure 1 shows the flexural strength of porous SiC ceramics as a function of the porosity. 

Generally, the flexural strength of porous SiC ceramics decreases with increasing the porosity. 

The flexural strength of porous SiC ceramics sintered in an argon and nitrogen atmospeheres 

increase from 8.6 to 32.9 MPa and from 8.1 to 28 MPa with increasing the B4C content from 0 to 

1.5 vol%, respectively (Kultayeva & Kim, 2022). The increases in the flexural strength of these 

porous SiC ceramics is (1) owing to the decreased porosity from 68.2% to 58.3% and from 70.3% 

to 61.7%, respectively; with the increasing B4C content; (2) the wide necking area developed 

between SiC grains which was provided by the B4C derived B-doping into the SiC lattice. It is 

well defined that the flexural strength of porous SiC ceramics increase with decreases in porosity 

and an increased bonding area between SiC grains in struts. 

 

 

 
 

 
Figure 1 – Flexural strength of porous SiC ceramics as a function of porosity.  

 
 

The flexural strength of porous SiC ceramics sintered with BN additive in an argon 

atmosphere gradually decreased from 28.2 to 9.3 MPa with increasing the porosity from 62.4 to 

66.1%. In contrast, the flexural strength of porous SiC ceramics sintered with BN additive in 

nitrogen atmosphere was very insensitive (7.6–8.7 MPa), it was attributed to the insensitivity in 

porosity (65.9%–66.4%) (Kultayeva et al., 2021). Porous SiC ceramics sintered with 1.5 vol% 

BN additive in two different atmosphere content two different types of porosities: (1) the artificial 
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porosity resulting from the sacrificial template and (2) the residual porosity obtained from the 

incomplete densification of the struts. The increase of flexural strength of porous SiC ceramics 

sintered in argon atmosphere was due to partial deancification of the struts during sintering. 

However, the insensitivity of flexural strength of porous SiC ceramics sintered in nitrogen 

atmospehere was attributed to the negligible densification of the struts. It is well-documented that 

the an N2 atmosphere retards the densification of SiC, owing to the decreased diffusivity of Si and 

C atoms in SiC and retarded mass transport during sintering under an N2 atmosphere. Therefore, 

the flexural strength of porous SiC ceramics sintered in Ar atmosphere increased with an increase 

in the BN content because of the partial densification, i.e. decreasing porosity. 

The flexural strength with bonding material such as sodium borate and cordierite are 9 MPa 

at 62% porosity (Lim et al., 2013) and 5.4–8 MPa at 60%–62% porosity (Liu et al., 2009; Dey et 

al., 2013; Zhu et al., 2007), respectively. The flexural strength of porous reaction-bonded SiC 

ceramics are 14–16 MPa at 61%–64% porosity (Yamane et al., 2011; Zhang et al., 2009).  

These results suggests that the porosity is an essential to the mechanical properties of porous 

SiC ceramics and significantly influenced by decreasing the flexural strength because they act as 

a starting point for failure. However, it is worth noting that controlled porosity can enhance certain 

properties such as thermal shock resistance and fracture toughness. By optimizing the porosity, it 

is possible to achieve a desirable balance between mechanical strength and other functional 

properties. 

 

 

2.2 PORE SIZE 

 

The size of the pores within SiC ceramics also plays a crucial role in determining their 

mechanical strength. Smaller pores are generally less detrimental to mechanical strength compared 

to larger pores. This is because larger pores create larger stress concentrations, which can 

significantly weaken the material and make it more susceptible to fracture. 

Experimental investigations have demonstrated that reducing the average pore size can lead 

to an increase in the mechanical strength of porous SiC ceramics. For example, ceramics with 

average pore sizes in the range of a few micrometers exhibit higher strength compared to those 

with pore sizes in the range of tens or hundreds of micrometers. 

Figure 2 shows comparison of the flexural strength of porous SiC ceramics as a function of 

pore size with published values in the prior literature in the pore size range of 4–23 µm. As shown, 

the flexural strength of B-, N-, and undoped porous SiC ceramics are 25.9, 11.5, and 8.8 MPa at a 

pore size of ~9 µm, ~12 µm, and ~20 µm, respectively (Kultayeva et al., 2021). The flexural 

strength of porous SiC ceramics with 5.8 wt% Al2O3-Y2O3-MgO is 15 MPa at a pore size of ~7 

µm (Chae et al., 2009). The flexural strength of porous SiC ceramics with cordierite are 5.4, 7.0, 

and 8.0 MPa at a pore size of ~4 µm, ~23 µm, and ~4.9 µm, respectively (Liu et al., 2009; Dey et 

al., 2013; Zhu et al., 2007).  

The flexural strengths of porous SiC ceramics with BN additive are 9.3 MPa, 12.7 MPa, 18.3 

MPa, and 28.2 MPa at a pore size of ~9.1 µm, ~8.9 µm, ~8.1 µm, ~7.0 µm, respectively 

(Kultayeva et al., 2021). Recently, Das et al. reported that the flexural strength of gradually 

decreased from 116.3 MPa to 43.9 MPa with an increase in pore size from 7 to 98 µm at constant 

porosity while the strength decreased from 116.3 to 58.7 MPa with increasing porosity from 40% 
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to ~63% at the same pore size of 7 µm. (Das et al., 2024). An increase in the pore size of porous 

ceramics implies an increase in the critical defect size, leading to a decrease in the flexural strength 

when the pore size is sufficiently large to become a critical defect.  

Given the significant variability in the data observed in the flexural strength versus pore size 

plot, pore size does not seem to be the primary factor affecting the flexural strength of porous SiC 

ceramics when the additive composition and necking area differ. It seems that the flexural strength 

of porous SiC ceramics is primarily influenced by the additive chemistry (necking area) and 

secondarily by the pore size when the porosities are in the range of 58%–67%.  

 

 
 

Figure 2 – Flexural strength of porous SiC ceramics as a function of pore size (author’s material).  

 

 

2.3 NECKING AREA 

 

The neck area between SiC grains is a key factor for porous SiC ceramics. The necking area 

refers to the regions where particles within the porous structure are bonded together. In porous SiC 

ceramics, the necking area significantly influences mechanical strength. A larger necking area 

implies stronger bonding between particles, which can enhance the material's overall mechanical 

strength. 

Research has shown that increasing the necking area can improve the load transfer between 

particles, thereby increasing the mechanical strength of the porous structure. Techniques such as 

sintering at higher temperatures or for longer durations can promote neck growth and enhance 
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bonding strength. However, excessive sintering can lead to densification and a reduction in 

porosity, which might not be desirable for certain applications. 

Optimizing the necking area involves balancing the sintering conditions to achieve sufficient 

bonding without compromising the desired porosity. This optimization is crucial for tailoring the 

mechanical properties of porous SiC ceramics to specific application requirements. 

Table 1 shows the comparison of the flexural strength data of porous SiC ceramics at an 

equivalent porosity of ~62%. From the Figure 1 and Table 1 it can be seen that the flexural 

strengths of porous SiC ceramic with 1 vol% B4C, porous SiC ceramic with 1 vol% BN were 29.5 

and 28.2 MPa, respectively, at an equivalent porosity of approximately 62 %. In contrast, the 

flexural strengths of porous SiC ceramic with 1 vol% Sc2O3, porous SiC with sodium borate, 

undoped porous SiC ceramic, porous SiC with cordierite, porous reaction bonded SiC, and porous 

SiC with Al2O3 were 10.5 MPa, 9 MPa, 8.8 MPa, 5.4 MPa, 14 MPa, and 16.8 MPa, respectively, 

at an equivalent porosity of approximately 62 %.  

 

Table 1 

Comparison of the flexural strength data of porous SiC ceramics at an equivalent porosity of ~62% 

Porous SiC ceramics Porosity (%) Flexural strength (MPa) Remark 

Porous SiC ceramic with B4C 61.9 29.5 Kultayeva & Kim, 2022 

Porous SiC ceramic with Sc2O3 61 10.5 Kultayeva et al., 2021a 

Porous SiC ceramic with BN 62.4 28.2 Kultayeva et al., 2021  

Porous SiC with sodium borate 62 9 Lim et al., 2013 

Undoped porous SiC ceramic 61.9 8.8 Kultayeva et al., 2021a 

Porous SiC with cordierite 61.3 5.4 Liu et al., 2009 

Porous reaction bonded SiC 61 14 Zhang et. al., 2009 

Porous SiC with Al2O3 61.4 16.8 Chi et al., 2004 

 

 

Recently, Kultayeva et al. reported that the B-doping into SiC lattice was very effective in 

forming a wide necking area and strong bonding between SiC grains, leading to excellent flexural 

strengths. As shown in Figure 3 (a) and (c), porous SiC ceramic prepared from B contained 

additives such as B4C and BN showed well-developed necking area between SiC grains compared 

to porous SiC ceramic with SC2O3 or undoped porous SiC ceramic. It was attributed to the strong 

bonding between SiC grains created by incorporation of B4C- and BN-derived B atoms into SiC 

lattice leading to enhanced mass transport of the Si and C atoms. The grain morphology 

observation of the undoped porous SiC ceramic Figure 3 (d) shows that the lower flexural strength 

was attributed to the narrower necking area between equiaxed SiC grains.  

This literature data analysis suggests that the porosity and pore size does not appear to be 

the major factors influencing the flexural strength of porous SiC ceramics. It seems that the flexural 

strength of porous SiC ceramics is primarily influenced by the additive chemistry (necking area) 

and secondarily by the pore size when the porosities are in the range of 58%-67%.  
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Figure 3 – Fracture surfaces of porous SiC ceramics with controlled porosity: (a) porous SiC ceramic with B4C 

(Kultayeva & Kim, 2022), (b) porous SiC ceramic with Sc2O3 (Kultayeva et.al, 2021a), (c) porous SiC ceramic with 

BN (Kultayeva et.al, 2021) undoped porous SiC ceramic (Kultayeva et.al, 2021a). 

 

 

3 CONCLUSIONS 

 

This article reviews the major factors affecting the mechanical strength of porous SiC 

ceramics. The following are the main conclusions: 

(1) The flexural strength of porous SiC is influenced by its porosity, i.e. with an increase in 

porosity the flexural strength decreases. This is because pores or voids in porous SiC 

reduce the amount of solid material present and therefore weaken the overall structure. 

(2) The flexural strength of the porous SiC ceramics increases by decreasing pore size 

because of the decreased defect (pore) size. In addition, the flexural strength of porous 

SiC can be successfully tuned for various application requirements by adjusting the pore 

size while keeping the porosity fixed.  

(3) The flexural strength of porous SiC can be successfully tuned for different applications 

by precisely control of the doping soluble atoms into SiC lattice. Incorporation of 

soluble B atoms into SiC lattice was very effective strategy to increase the flexural 

strength by forming a wide necking area between SiC grains. Generally, the flexural 

strength of porous SiC ceramics was dependent on the necking area (strong bonding 

area) and homogeneously distributed pores.  

 



QazBSQA Хабаршысы. Сәулет және Құрылыс. №2 (92), 2024 

119 

 

4 FUTURE WORK 

 

By developing novel strategies for tuning the flexural strength of porous SiC ceramics, a 

multitude of new applications can be realized in the near future. The effect of the initial α- and β-

phase content (different polytypes of SiC) on the properties of porous SiC ceramics has not yet 

been thoroughly investigated. Exploring the impact of these different polytypes on the mechanical 

properties of pure porous SiC ceramics presents an intriguing area for future research. Advances 

in processing techniques and a deeper understanding of the microstructural factors will enable the 

development of porous SiC ceramics with tailored mechanical properties. This will open up 

possibilities for a wide range of high-performance applications, enhancing the versatility and 

functionality of these advanced materials. 
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