
Journal of Advanced Ceramics  
2020, 9(1): 1–16 ISSN 2226-4108 
https://doi.org/10.1007/s40145-019-0332-6  CN 10-1154/TQ 

Review  
 
 

www.springer.com/journal/40145 

 
Sol–gel derived porous ultra-high temperature ceramics 

Fei LIa,*, Xiao HUANGb, Ji-Xuan LIUa, Guo-Jun ZHANGa,* 

aState Key Laboratory for Modification of Chemical Fibers and Polymer Materials, Institute of Functional 
Materials, Donghua University, Shanghai 201620, China 

bInstitute for the Conservation of Cultural Heritage, Shanghai University, Shanghai 200444, China 

Received: December 20, 2018; Revised: April 10, 2019; Accepted: April 15, 2019 
© The Author(s) 2019. 

Abstract: Ultra-high temperature ceramics (UHTCs) are considered as a family of nonmetallic and 
inorganic materials that have melting point over 3000 ℃. Chemically, nearly all UHTCs are borides, 
carbides, and nitrides of early transition metals (e.g., Zr, Hf, Nb, Ta). Within the last two decades, 
except for the great achievements in the densification, microstructure tailoring, and mechanical 
property improvements of UHTCs, many methods have been established for the preparation of porous 
UHTCs, aiming to develop high-temperature resistant, sintering resistant, and lightweight materials 
that will withstand temperatures as high as 2000 ℃ for long periods of time. Amongst the synthesis 
methods for porous UHTCs, sol–gel methods enable the preparation of porous UHTCs with pore sizes 
from 1 to 500 μm and porosity within the range of 60%–95% at relatively low temperature. In this 
article, we review the currently available sol–gel methods for the preparation of porous UHTCs. 
Templating, foaming, and solvent evaporation methods are described and compared in terms of 
processing–microstructure relations. The properties and high temperature resistance of sol–gel derived 
porous UHTCs are discussed. Finally, directions to future investigations on the processing and 
applications of porous UHTCs are proposed. 
Keywords: sol–gel; ultra-high temperature ceramics; porous ceramics; processing; microstructure 

 

1  Introduction 

Ultra-high temperature ceramics (UHTCs) are a class 
of nonmetallic and inorganic materials that have 
melting point over 3000 ℃ and are typically borides, 
carbides, and nitrides of early transition metals (e.g., Zr, 
Hf, Nb, Ta) [1–8]. Due to the combination of series of 
excellent physical and chemical properties, such as 
high hardness, good high-temperature stability, and 
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excellent solid-phase stability, UHTCs are considered 
as promising candidate materials for high-temperature 
structural applications, including engines, hypersonic 
vehicles, plasma arc electrode, cutting tools, furnace 
elements, and high-temperature shielding [7,9–13]. 
UHTCs are difficult to densify without sintering 
additives and external pressure. Numerous researches 
have been made in recent decades for the synthesis and 
densification of UHTCs at moderate conditions and 
further enhancements of their performance [14]. One 
of the potential applications for porous UHTCs is used 
as thermal insulating materials in thermal protection 
systems of reusable launch vehicles, which experience 
extreme high temperatures (> 2000 ℃) during high- 
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speed cruise. Few materials can meet this criterion. 
The maximum using temperature for typical rigid tiles 
(e.g., alumina-enhanced thermal barrier, AETB) is 
~1600 ℃ [15]. Recent interest in UHTCs has been 
motivated by the search for materials that can withstand 
extreme environments over 2000 ℃. UHTCs possess 
excellent phase stability at high temperatures. Hopefully, 
pores are introduced in UHTCs to give out novel and 
lightweight thermal insulating materials.  

Many researchers focused on the preparation of 
porous UHTCs, aiming to develop high-temperature 
resistant, sintering resistant, and lightweight materials 
[16–23]. In the late 1990s, NASA and Aspen Systems 
proposed a Phase I project to develop ultra-high 
temperature resistant zirconium and hafnium carbide 
aerogels. They would use their expertise in aerogel 
manufacturing and sol–gel science to develop a low- 
temperature process for the production of refractory 
carbide aerogels. However, no further open reports or 
publications can be reached. In March 2013, Prof. 
Franks and Dr. Tallon from the University of Melbourne 
started a two-and-a-half-year project on “multi-scale 
porous ultra-high temperature ceramics” funded by the 
Asian Office of Aerospace Research and Development 
(AOARD) [16]. The object of this project was to 
develop highly porous UHTCs that can be potentially 
used in insulation packages for ultra-high temperature 
applications. Processing conditions were investigated 
and then optimized to prepare zirconium diboride 
porous materials with up to 92% porosity by replica, 
particle stabilized foams, ice templating, and partial 
sintering methods. In August 2016, Prof. Ireland from 
University of Oxford and partners from University of 
Birmingham, Imperial College London, and University of 
Southampton started a five-year project entitled 
“transpiration cooling systems for jet engine turbines 
and hypersonic flight” funded by Engineering and 
Physical Sciences Research Council (EPSRC) [24]. 
One of their research topics was to develop UHTCs 
(zirconium diboride) with controlled porosity to be 
used as a key component in transpiration cooling 
systems for hypersonic flights. In January 2017, Dr. Li 
from Donghua University started a three-year project 
funded by National Natural Science Foundation of 
China (NSFC) to develop porous zirconium carbide 
foams by direct foaming methods [22]. However, very 
limited papers on the preparation and application of 
porous UHTCs can be found [17,18,21–23,25–27].  

The processing routes used for the production of 

porous ceramics can be categorized as partial sintering, 
replica method, sacrificial template method, and direct 
foaming method [28–32]. It is important to get a well 
dispersed ceramic slurry or liquid precursor for the 
fabrication of porous ceramics with tailored microstructure 
and chemical composition [33–35]. Porous UHTCs can 
be obtained by using ceramic powders as raw materials, 
followed by colloidal processing (e.g., freeze casting, 
gel casting, and foaming) of the ceramic slurry, shaping, 
and pressureless sintering [17,18,27]. The sintering 
temperature (1800–2100 ℃) is selected to allow for 
particle necking to provide good mechanical strength, 
but not high enough to get full densification of the 
particles in the skeletons [16]. These powder-derived 
porous UHTCs are not sintering-resistant. At higher 
temperatures, grain coarsening leads to the formation 
of large grains, indicating poor high-temperature 
stability [36]. Large grains often result in a degradation 
in strength.  

An alternative way to prepare porous UHTCs is to 
use the liquid sols which contain transition metal salts, 
boron source, and organic carbon source as raw 
materials [21–23,25]. After sol–gel reactions, shaping 
with specific techniques, drying at moderate conditions, 
and pyrolysis at high temperatures, the porous UHTCs 
with desired compositions are obtained. Numbers of 
papers focus on the design and pyrolysis of UHTCs 
precursors to fine UHTCs powders through sol–gel 
methods [37]. However, rare works have been published 
on sol–gel derived porous monolithic UHTCs. These 
porous UHTCs are expected as thermal resistant materials 
at extreme high temperatures, and also should be able 
to bear loadings in some cases. Evaluation of the 
porous UHTCs should be based on high-temperature 
stability (e.g., dimensional, microstructure, thermal 
expansion), mechanical property, thermal conductivity, 
and thermal shock resistance, etc.  

Some excellent reviews and papers concerning the 
sol–gel derived porous monoliths are available [29,38, 
39]. However, few papers focusing on the preparation 
of non-siliceous especially UHTCs monoliths from 
sol–gel methods can be found. The aim of this article is 
to summarize and compare some of the sol–gel 
processing routes currently available for the preparation 
of porous monolithic UHTCs, including porous ZrC-, 
HfC-, and ZrB2-based ceramics. The synthesis of UHTCs 
powders from sol–gel or liquid precursor routes will 
not be discussed here. Sacks et al. [40], Dollé et al. 
[41], Yan et al. [42], Ang et al. [43], Cai et al. [44], and 
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Li et al. [37] are suggested for those interested in these 
research topics.  

2  Processing–microstructure relations 

2. 1  General features of porous UHTCs via sol–gel 
process 

Sol–gel is a very powerful technique for the synthesis of 
wide range materials [29,38,45,46]. It is generally 
involved with the mixing of chemicals in a solution, 
gelation, drying, and post-treatment to obtain final 
products [29]. Starting from a homogeneous liquid state, 
nanopowders, fibers, films, and porous monoliths with 
tailored structure can be made from sol–gel routes 
combined with various drying and shaping techniques. 
Beginning a synthesis in the liquid state, in which all 
starting reagents are mixed at molecular level, can also 
result in lower synthesis temperatures [43,47]. A large 
variety of parameters, such as the choice of the precursors, 
its concentration, temperature, solvent, etc., have 
significant influence on the composition, microstructure, 
and properties of the sol–gel derived materials [29,38]. 
Heat treatment is important for drying gels as well as 
the converting organic/inorganic hybrid gels to ceramics 
[48]. Drying of the gels during which the solvent between 
gel network is removed by evaporation or sublimation  
 

is a critical step in synthesizing monoliths. Shrinking, 
cracking, and collapse of the gels caused by surface 
tension are very common in sol–gel processing, which 
make it often difficult to prepare large monolithic 
materials [29,48]. Powders and cracked fragments are 
often obtained in sol–gel processing of UHTCs, as 
shown in Fig. 1 [41,49]. Special drying techniques such 
as supercritical drying and freeze drying, as well as 
other strategies like surface modification, exhausted 
solvent-exchange or combinations of these techniques 
have been developed to weaken the capillary forces 
during drying to obtain monolithic pieces [29,45,50–52].  

In the case of sol–gel processing of porous UHTCs, 
the preparation methods can roughly be divided in 
three categories according to how the porous structures 
are formed in the green body: templating method, 
foaming method, solvent evaporation method, as 
schematically illustrated in Fig. 2. The templating 
method involves the impregnation and infiltration of a 
porous structure (as template) with the preceramic sol 
[49,53]. After the impregnation and infiltration process, 
the green body is first dried and then heated at 
temperatures up to 1600 ℃ for the formation of 
porous UHTCs via carbothermal reduction reaction. 
The porous UHTCs exhibit almost the same morphology 
as the original porous template but with some extent of 
shrinkage. The use of porous structure as template is an 

 
 

Fig. 1  SEM images of sol–gel derived ZrC powders heated (a) at 1600 ℃ for 3 h and (b) at 1400 ℃ for 2.5 h then at 1800 ℃ 
for 6 min. Reproduced with permission from Ref. [41], © Elsevier Ltd. 2006. (c) Low and (b) high magnification SEM images 
of sol–gel derived ZrC/SiC composite heated at 1500 ℃ for 1 h [49]. Reproduced with permission from Ref. [49], © Springer 
Science+Business Media, LLC, part of Springer Nature 2018.  
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Fig. 2  Scheme of sol–gel methods for the preparation of porous UHTCs. 
 
important feature for this method. In the foaming 
methods, bubbles are first generated by introducing air 
or volatile reagents into the preceramic sol, then are set 
to obtain foamed green body [23,25]. The foamed 
green body is afterwards heated at high temperatures to 
obtain porous UHTCs. Bubble generation and stabilization 
are the characteristic features of this foaming method. 
In solvent evaporation methods, which is template free, 
the preceramic sol undergoes sol–gel transition to form 
a monolithic wet gel, which contains a continuous solid 
network enclosing a continuous liquid phase [21,22]. 
The solvent between the solid network evaporates out 
by heat treatment and pores are left behind in the 
organic/inorganic hybrid gels. Consequently, the porous 
hybrid gels are pyrolyzed at high temperatures to 
obtain porous UHTCs. No porous templates are used 
and no bubbles are generated in this solvent evaporation 
method.  

In sol–gel derived porous UHTCs, which started 
from liquid precursors, heat treatment at temperatures 
up to 1300–1600 ℃ in inert atmosphere was necessarily 
required to convert the preceramic gels into UHTCs 
composition [41,54–56]. Figure 3 shows the typical 
TG–DSC curves of the dried gel in inert gas flow at 40 

to 1600 ℃ and the XRD patterns of the pyrolyzed 
products at various temperatures [21]. These results 
demonstrated that the UHTCs phases started to form at 
1200 ℃ and completed at temperatures from 1300 to 
1500 ℃ accompanied by a huge weight loss.  

A number of porosities and pore sizes have been 
produced by these methods for ZrC, ZrC/SiC, ZrB2, 
and ZrB2/SiC, etc. [21–23,25,53,57]. Figure 4 is a map 
of porosities–pore sizes–applications of several groups 
of porous materials [30]. And the locations of the 
sol–gel derived porous UHTCs are also shown in Fig. 
4. The pore sizes of the sol–gel derived porous UHTCs 
are relatively small when compared with the porous 
materials with similar porosity level. Such features 
demonstrate that the sol–gel derived porous UHTCs 
may find applications as high temperature resistant 
thermal insulators.  

Table 1 lists the characteristics of the porous 
UHTCs made from various processing methods. All 
these processing methods can be used to prepare 
porous UHTCs with porosities over 70%. Templating 
methods are simple and easy to handle with, and can 
be used to prepare porous UHTCs that mimicking 
templates. Foaming methods are suitable for the synthesis  
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Fig. 3  (a) Typical TG–DSC curves of the dried gel in argon flow [21]. Reproduced with permission from Ref. [21], © Elsevier 
Ltd. 2018. (b) XRD patterns of the products obtained from pyrolyzing the dried gels at various temperatures [21]. Reproduced 
with permission from Ref. [21], © Elsevier Ltd. 2018. 

 

 
 

Fig. 4  Pore size and porosity of typical porous substances and ceramics [30]. Reproduced with permission from Ref. [30], © 
National Institute for Materials Science 2011. 
 

Table 1  Characteristics of the porous UHTCs made from various processing methods 

Composition Method Porosity Pore size (μm) Type of the pores Compressive  
strength (MPa) 

ZrC/C [53] Sol–gel, templating 78% ~20 Open — 

ZrC/SiC [49] Sol–gel, templating 78.1% 80–200 Open 0.4–0.67 

ZrC/C [23] Sol–gel, foaming 85% ~40 Closed cell 0.4 

ZrC [25] Sol–gel, foaming 67.6%–93% 100–300 Open & closed 0.15 

ZrB2/ZrC/SiC [22] Sol–gel, solvent evaporation 74.3%–82% 1.0–10 Open 1.2–1.9 

ZrC/SiC [21] Sol–gel, solvent evaporation ~70% 3–16 Open 0.3–0.7 

ZrB2/SiC [17] Camphene-based freeze casting 10%–60% 200–300 Open 173–364 

ZrB2 [18] Ice templating 48%–57% 20–180 Layered structure 18–68 

ZrB2 [36] Gel casting 55% ~220 Open 79 

ZrB2/SiC [58] Partial sintering 2%–35% 1.4–5.5 Open — 
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of porous UHTCs with tailored open and closed cell 
structures. Solvent evaporation methods are suitable 
for the synthesis of porous UHTCs with pore sizes 
down to 1–20 μm and with relatively high compressive 
strength. Porous UHTCs made by sol–gel methods 
possess high porosity and small pore size but with low 
compressive strength. Porous UHTCs made by gel 
casting, freeze casting, and partial sintering are strong 
but with relatively low porosities. Such statements are 
added in the revised manuscript. 

2. 2  Templating methods  

Since invented by Schwartzwalder et al. [59] in 1963, 
templating methods have been simple and versatile 
ways to prepare porous ceramic products by using the 
natural or synthetic templates as skeletal supporting 
structure [31]. The great flexibility of the templating 
method is partly due to the fact that it is applicable to 
any ceramic material that can be appropriately 
dispersed into a slurry or a sol. The microstructures of 
template-derived porous ceramics depend primarily on 
the porous structure of the templates. However, there 
are only a few reports about the synthesis of cellular 
zirconium carbide and its composite in current 
literature. Rambo et al. [53] used wood templating 
method to prepare porous ZrC/C ceramics with porosity 
of 78%. The zirconia sol or colloidal suspension was  

prepared by hydrolysis and condensation of zirconium 
n-propoxide. Zirconia sol was vacuum infiltrated into 
the pine wood derived carbon template and was 
subsequently dried to obtain a zirconia gel coated 
porous wood structure. The infiltration and drying 
processes were carried out four times to reach a high 
zirconia content. Zirconia gel was converted into ZrO2 
and then reacted with the wood derived carbon 
template to form ZrC phase upon pyrolysis. The 
original pine char microstructure was reproduced in the 
porous ZrC/C ceramic. Island-like ZrC particles were 
observed on the cell walls and in the channels, as 
shown in Fig. 5.  

In the wood derived porous UHTCs, in which the 
wood derived carbon templates also play the role as 
carbon source, it is difficult to produce near 
stoichiometric porous structures [53]. High residual 
carbon yield in the final ceramic composition seems to 
be characteristic feature for this wood templating 
method. The maximum achievable ZrC phase content 
was lower than 20 vol% in Ref. [53]. The initial 
porosity of the biocarbon template and the amount of 
infiltrated preceramic precursor are crucial for the 
conversion ratio of metal oxide to metal carbide. The 
sol viscosity also plays a key role in the templating 
method [31,53]. Started from high viscosity sol, a non- 
homogeneity of the sol-infiltration and the clogging of  

 

 
 

Fig. 5  SEM images of the pine wood char with (a) low and (b) high magnifications. SEM images of the wood derived porous 
ZrC/C with (c) low and (d) high magnifications [53]. Reproduced with permission from Ref. [53], © Elsevier Ltd. 2005. 
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the pores after multiple infiltration and drying cycles 
result in low ceramic content and inhomogeneous 
structures in the final porous products. 

The low viscosity sol facilitates the entrance to the 
porous structures much more easily, and may allow 
higher weight gain during the cycling infiltration. 
Wood derived carbon templates are rigid and do not 
suffer from distortion or deformation during infiltration 
and drying processes; however, soft or flexible 
templates (e.g., polymeric sponge, melamine foam) do. 
Li et al. [49] reported the preparation of ZrC/SiC foam 
by using melamine foam as template. They infiltrated 
furfuryl alcohol/polyzirconoxane/tetraethyl orthosilicate 
(FA/PZO/TEOS) derived hybrid sols into melamine 
foam to get a hybrid foam. The hybrid sol can be 
converted into the desired ceramic composition upon 
drying and pyrolysis with no extra carbon source is 
required. When impregnated with high viscosity sol, 
the as-dried hybrid foam showed twisted sides 
probably caused by the inhomogeneous sol infiltration 
and gel shrinkage, as shown in Figs. 6(a) and 6(b). The 
hybrid foam underwent nearly 10% linear shrinkage 
accompanied by gel shrinkage during drying. While 
treated with low viscosity hybrid sol, the original 
rectangular shape of the melamine foam was well 
retained, as shown in Fig. 6(c). These hybrid foams 
were converted into open-cell structured ZrC/SiC 
foams after heat treatment at 1500 ℃ (Figs. 6(d) and 

6(e)). The porous ZrC/SiC obtained with the melamine 
template method can reach open porosity of 78.1% and 
possess a monomodal pore size distribution between 
80 and 200 μm.  

2. 3  Foaming methods  

Bubble stabilization in the wet foam is the critical issue 
in foaming methods, and plays a key role in controlling 
the porous structures of the final ceramic products 
[31,60–62]. Bubbles can be generated by introducing 
air or volatile reagents into a colloidal suspension or 
viscous liquid via strong mechanical mixing. The wet 
bubbles can be stabilized by rapid crosslinking/ 
gelation of the solid skeletons, and stabilized with the 
help of surfactants and particles at the interfaces. The 
consolidated foams are afterwards heated at high 
temperatures to obtain porous ceramics. We describe 
below the foaming methods currently available on 
synthesis of porous UHTCs.  

Li et al. [23] prepared ZrC/C foams by direct 
foaming the mixtures of foamable phenolic resin and 
zirconia sol. Volatile pentane is used as foaming agent. 
The stabilization of the bubbles is mainly due to the 
thermal setting of phenolic resin. By pyrolyzing the 
foamed green body at 1600 ℃, highly porous ZrC/C 
foam was prepared (Figs. 7(a) and 7(b)). The density 
and porosity of ZrC/C foam were 0.16–0.19 g/cm3 and 

 

 
 

Fig. 6  (a) Photograph of one typical melamine foam. Photographs of the dried hybrid foams infiltrated with sols of (b) high 
viscosity and (c) low viscosity. (d) and (e) SEM images of the 1500 ℃-pyrolyzed foams impregnated with sols of viscosity 4.3 
cP, 1500 ℃ in vacuum for 1 h [49]. Reproduced with permission from Ref. [49], © Springer Science+Business Media, LLC, 
part of Springer Nature 2018. 
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Fig. 7  (a) Photograph of the foamed green body and (b) ZrC/C foam obtained from pyrolysis at 1600 ℃ for 1 h. SEM images 
of ZrC/C foam after pyrolysis at 1600 ℃ with (c) low and (d) high magnification. TEM images of (e) the strut and (f) cell wall 
of ZrC/C foam after pyrolysis at 1600 ℃ [23]. Reproduced with permission from Ref. [23], © Elsevier Ltd. 2014. 

 
83%–90%, respectively. The as-prepared ZrC foam 
showed spherical closed cell structures with average 
cell sizes about 40 μm, as shown in Figs. 7(c) and 7(d). 
The foamability of the mixtures originated from 
phenolic resin and it decreased as the zirconia sol 
content increased. It is difficult to precisely control 
carbon residue in the phenolic resin foaming derived 
porous ZrC/C. In the cell walls, ZrC particles were 
embedded in the continuous carbon matrix, as shown 
in Figs. 7(e) and 7(f). Carbon residue might hinder the 
ZrC grain growth at high temperatures, which might be 
one of the reasons why these ZrC/C foams displayed 
excellent thermal stability up to 2400 ℃.  

Li et al. [25] developed a method to prepare 
stoichiometric ZrC foams by direct foaming of zirconia 
sols. Sucrose was used as carbon source and was 
dissolved into zirconia sol to get a viscous sol. The 
stabilization of the wet foam was based on the gelation 
of the zirconia sol under thermal aging. The 
microstructure of the ZrC foams can be tailored by 
controlling the foaming parameters, such as the 
viscosities of the sols, the concentration of the blowing 
and curing agents, which influenced the growth and 
stabilization of the bubbles in wet foam, as illustrated 
in Fig. 8. Pore sizes within the range of 40 to 500 μm 
have been achieved using this zirconia sol foaming 
method. The densities of the stoichiometric ZrC foams 
were in the range of 0.12–0.53 g/cm3. 

2. 4  Solvent evaporation methods  

As described above, the sols are transformed into 
particulate gels that are established by van der Waals 
forces [46]. There are continuous liquid phase and 
solid phase in the wet gels. The solvent space between 
the solid network represents the potential pore space 
after drying [29,45]. In solvent evaporation methods, by 
forming a strengthened organic/inorganic interpenetrating 
network, the solvent is evaporated while the solid 
networks are preserved with limited shrinkage. By 
carbothermal conversion of interpenetrating metal 
oxide/resorcinol–formaldehyde (RF) nanoparticle networks, 
Leventis et al. [57] prepared monolithic HfC aerogels 
with diameter of 0.85 cm. The polymerization of RF 
sols and gelation of hydrated HfCl4 with the help of 
epichlorohydrin occur in the same time scale, which 
leads to the formation of interpenetrating HfOx/RF 
nanoparticle networks. By critical fluid (SCF) CO2 
drying of the wet gels followed with pyrolysis at 
1400 ℃ , HfC aerogels with porosity of 95% and 
average pore diameter of 22.9 nm are obtained. HfC 
xerogels with porosity of 44% and pore diameter of 
3.1 nm are prepared by ambient pressure drying the 
wet gels. The morphologies of the HfC aerogels and 
xerogels are shown in Fig. 9. 

To avoid cracking of the FA/zirconium oxychloride 
(ZOC)/TEOS hybrid gels during drying, Li et al. [21] 
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Fig. 8  Schematic illustration of the bubble growth and stabilization and the final microstructure of stoichiometric ZrC foams 
[25]. Reproduced with permission from Ref. [25], © Springer Science+Business Media New York 2015. 

 

 
 

Fig. 9  Structural evolution by SEM upon pyrolysis (Ar, 3 h) of a representative RF-HfOx system convertible to HfC. Scale bars: 
A, 500 nm; B, 5 μm [26]. Reproduced with permission from Ref. [26], © Elsevier Ltd and Techna Group S.r.l. 2016. 
 

used polyethylene glycol (PEG) as phase separation 
inducing agent to prepare porous ZrC/SiC ceramics. 
PEG may strengthen the gel networks possibly by 
hydrogen bonding, and hence makes the porous networks 
robust enough to withstand the capillary forces during 

ambient pressure drying, as schematically illustrated in 
Fig. 10(a). Upon pyrolysis of the monolithic hybrid 
gels at temperatures above 1300 ℃, porous ZrC/SiC 
ceramics with porosities around 70% could be obtained. 
Simply by adjusting the PEG concentration in the starting 
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Fig. 10  (a) Schematic illustration for the preparation of porous ZrC/SiC ceramics with PEG as additive. SEM images of the 
porous ZrC/SiC ceramics with (b) low, (c) medium, and (d) high PEG concentration in the starting sol composition [21]. 
Reproduced with permission from Ref. [21], © Elsevier Ltd and Techna Group S.r.l. 2016. 
 

 
 

Fig. 11  Pore size distribution of the porous ZrC/SiC 
ceramics via solvent evaporation methods [21]. Reproduced 
with permission from Ref. [21], © Elsevier Ltd and Techna 
Group S.r.l. 2016. 
 

composition, the morphology, pore sizes and their 
distribution, and mechanical properties of the porous 
ZrC/SiC can be tailored, as shown in Figs. 10(b), 10(c), 
and 11. The as-prepared porous ZrC/SiC ceramics are 
typical particulate gel structures and composed of 
spherical particles. These porous ZrC/SiC ceramics 
possess multimodal pore size distribution, distribution 
peaks in micron-sized range associated with voids 
between large clusters, and distribution peaks in 
nano-sized range associated with the pores within the 
spherical particles, as depicted in Fig. 11.  

In the case of synthesizing transition metal boride- 

based porous ceramics, Li et al. [22] used FA, 
zirconium n-butoxide (ZTB), and boric acid as carbon, 
zirconium, and boron sources, respectively. By 
combining acid-catalyzed polymerization of FA and 
gelation of inorganic components, porous hybrid 
monoliths can be obtained by direct drying the wet gels 
under ambient pressure. Figures 12(a) and 12(b) 
demonstrate that these hybrid monoliths possess quite 
uniform porous morphology and have monomodal pore 
size distribution in the range from 0.3 to 3 μm. The 
hybrid monoliths composed of interconnected colloidal 
particles, whose sizes decrease with the increase of 
FA/Zr molar ratio. The porous structures composed of 
particle chains and narrow pore size distribution are 
well retained after ceramization at temperatures up to 
1300–1600 ℃, as shown in Figs. 12(c)–12(f). In the 
case of FA/Zr equal to 3, the particle chains become 
fibrillar and the ceramic product shows typical reticulated 
porous structures (Fig. 12(e)). The ZrB2-based porous 
ceramics via solvent evaporation method can reach 
porosity of 70%–85% and possess a monomodal pore 
size distribution between 1 and 10 μm.  

3  Properties of the sol–gel derived porous 
UHTCs 

Porous UHTCs are expected as promising candidate 
materials for the thermal protection systems of 
reusable launch and hypersonic vehicle [16,24]. These 
porous UHTCs must be lightweight and high temperature 



J Adv Ceram 2020, 9(1): 1–16  11  

www.springer.com/journal/40145 

 
 

Fig. 12  (a) SEM image and (b) pore size distribution of the hybrid gels. SEM images and pore size distribution of the 
ZrB2-based porous ceramics with various FA/Zr molar ratios: (c) FA/Zr = 2, (d) FA/Zr = 2.5, and (e) FA/Zr = 3 [22]. Reproduced 
with permission from Ref. [22], © Elsevier Ltd. 2017. 
 

resistant, have a suitable mechanical integrity, low 
thermal conductivity, and be able to accommodate a 
complex geometry during the integration. Generally, the 
properties of the solid of which the cellular ceramic is 
made, the topology and shape of the cells, and the 
relative density of the cellular ceramic are three 
dominate factors that influence cellular properties [15]. 
However, in terms of sol–gel derived porous UHTCs, 
the papers are very limited, and few preliminary studies 
on compressive strength, high temperature resistance, 
and thermal conductivity have been carried out. The 
amount of the tested specimens is too small, and it is 
difficult to give out an overall view of the properties of 
the sol–gel derived porous UHTCs. We describe some 
case studies below for the properties of these materials.  

3. 1  Compressive strength  

Similar to many other porous oxide ceramics, the 
highly porous ZrC foams with spherical cell structures 
demonstrate huge strain before crushing, as depicted in 
Fig. 13(a) [23,25,37]. The stress–strain curve shows a 
linear elastic region followed by a plateau region, and 
ended with a densification region at large strain. Upon 
compression, the ZrC foam undergoes a progressive 
collapse of the cells and gives rise to the stress–strain 
plateau. Beyond the plateau, densification takes place 
and the stress rises sharply.  

The stress–strain curves of the porous ZrB2-based 
ceramics with interstitial voids between skeletal 
particles display a brittle fracture behavior, indicating 

 

 
 

Fig. 13  Compressive stress–strain curves of the sol–gel derived porous UHTCs. (a) ZrC foams prepared by foaming method 
[37]. Reproduced with permission from Ref. [37], © IntechOpen 2019. (b) Porous ZrB2/ZrC/SiC ceramics prepared by solvent 
evaporation method [22]. Reproduced with permission from Ref. [22], © Elsevier Ltd. 2017. (c) Porous ZrC/SiC ceramics 
prepared by solvent evaporation method [21]. Reproduced with permission from Ref. [21], © Elsevier Ltd and Techna Group 
S.r.l. 2016. 
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an elastic behavior up to a sudden rupture upon 
compression, as shown in Fig. 13(b) [22]. These rigid 
particle chains cannot withstand compressive loading 
through deformation, and hence display brittle fracture 
behavior upon external loading.  

The compressive behavior of the sol–gel derived 
porous UHTCs demonstrates strong dependence on 
their microstructures (particle connectivity) [21]. Figure 
13(c) shows the compressive stress–strain curves of the 
porous ZrC/SiC via solvent evaporation method. The 
porous ZrC/SiC ceramics composed of larger clusters 
of spherical particles which are less tightly connected 
have elastic and plateau region in their stress–strain 
curves. While those porous ZrC/SiC ceramics composed 
of tightly bounded particles demonstrate brittle fracture 
behavior. These results confirm that the topology of the 
porous UHTCs are important factors and can be used 
to tailor their mechanical properties. 

3. 2  High-temperature stability  

The difference in potential application temperature is 
one of the important features that distinguishes UHTCs 
from conventional ceramics. Porous UHTCs are expected 
to be used as thermal insulators at extreme high 
temperatures above 2000 ℃. The high temperature 
stability is one of the key properties to evaluate the 
overall performance of the porous UHTCs. Li et al. 
[22,23] studied the high-temperature macroscopic 
dimensional and microstructure stability of the ZrC/C 

foam and ZrB2-based porous ceramics by thermal 
aging these ceramics at temperatures from 2000 to 
2400 ℃  in inert atmosphere. These sol–gel derived 
porous UHTCs are sintering resistant and possess 
excellent high-temperature stability. After aged at 
2000–2400 ℃ , no obvious geometric changes or 
structural damages are detected. The microstructures of 
the ZrB2-based porous ceramics are very stable and no 
coarse-grained morphology is observed after thermal 
aging at 2000 ℃ for 1 h, as shown in Fig. 14. Carbon 
residue, which may hinder grain growth at high- 
temperature aging, might be one of the key factors that 
give rise to high-temperature stability of these porous 
UHTCs.  

3. 3  Thermal conductivity  

Few papers reported the thermal properties of the 
sol–gel derived porous UHTCs. Li et al. [23] measured 
the thermal conductivity of the closed cell ZrC/C foam 
with porosity of 85% and the average pore size of 
40 μm, as depicted in Fig. 15. Its thermal conductivity 
at 50 ℃ is 0.96 W/(m⋅K) and increases rapidly in the 
temperature from 50 to 200 ℃, and then reaches a 
plateau at 300 ℃  with thermal conductivity of 
1.36 W/(m⋅K). A combined thermal conductivity of 
around 5 W/(m⋅K) is generally recommended for 
aerospace applications [16,63]. This closed cell ZrC/C 
foam is promising candidate material for aerospace 
with excellent high-temperature resistance.  

 

 
 

Fig. 14  SEM images of the porous ZrB2/ZrC/SiC ceramics via solvent evaporation method before and after thermal aging at 
2000 ℃ for 1 h [22]. Reproduced with permission from Ref. [22], © Elsevier Ltd. 2017. 
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Fig. 15  Temperature dependence of thermal conductivity 
of the closed cell ZrC/C foams prepared by foaming 
methods [23]. Reproduced with permission from Ref. [23], 
© Elsevier Ltd. 2014. 

4  Summary and outlook 

Several sol–gel based processing routes using templating, 
foaming, and solvent evaporation are nowadays 
available for the production of porous UHTCs. The 
sol–gel methods for porous UHTCs involve the 
synthesis of liquid precursors, shaping the precursors 
to get green body, and heating at high temperatures to 
complete the ceramization. The key for all of these 
synthetic methods is pore designing. 

In templating methods, the porous structure originates 
from the porous template. It is possible to produce a 
wide variety of porous UHTCs by this templating 
method. By impregnating/infiltrating the liquid precursors, 
followed by drying, and pyrolysis at 1300–1600 ℃, 
the porous UHTCs with pore sizes ranging from 10 to 
200 μm at porosity levels of 80% can be produced. The 
rheology of the impregnating sol and its adhesion on 
the template are key issues in templating methods. It is 
important to keep in mind that high residue carbon 
content can be introduced into the final porous UHTCs 
if wood-derived carbon is chosen as the template.  

In foaming methods, the porous structure originates 
from the generation and stabilization of the gas 
bubbles. By introducing the gas bubbles or volatile 
chemicals to the sol, followed by thermal setting or 
gelation of the sol, and heating at 1500–1600 ℃, the 
porous UHTCs with typical spherical cell structures of 
porosity ranging from 60% to 95% and cell sizes 
varying from 40 to 500 μm can be obtained. The open 
cell and closed cell structures of the porous UHTCs 
can be tailored by balancing the bubble growth and 

stabilization.  
In solvent evaporation methods, the pores are 

generated by evaporating the solvent between the solid 
network. The key issue in these methods is how to 
avoid cracking and large volume shrinkage during 
drying. Supercritical fluid drying, surface modification, 
and the formation of interpenetrated particle networks 
have been used to weaken the capillary forces during 
drying process to obtain monolithic samples. By 
supercritical fluid drying the wet gel followed with 
high-temperature pyrolysis, HfC aerogels with average 
pore sizes of 22.9 nm and porosities over 95% can be 
obtained. Porous UHTCs with pore sizes ranging from 
1 to 20 μm and porosities ranging from 65% to 85% 
can be produced by carbothermal conversion of the 
ambient pressure dried interpenetrated particles networks.  

Application oriented studies of the sol–gel derived 
porous UHTCs are very limited. Porous UHTCs may 
be considered as good candidates for thermal 
protection systems used in extreme high temperatures. 
Sol–gel derived porous UHTCs demonstrate excellent 
high temperature stability and are sintering resistant at 
temperatures up to 2000–2400 ℃. The compressive 
strength of the porous UHTCs can reach up to 1.9 MPa 
with porosities over 80%. Thermal conductivity of the 
ZrC/C foam is about 1 W/(m⋅K) at 25 ℃  and 
increases with the increasing temperature. The 
preliminary studies of the properties of these sol–gel 
derived porous UHTCs show that they are promising 
materials for extreme high temperature applications, 
such as thermal protection systems of reusable launch 
and hypersonic vehicles. However, systematical studies 
to characterize the mechanical, thermal conductivity, 
thermal shock resistance, and thermal expansion 
properties of these porous UHTCs are needed.  

Due to limited researches in sol–gel derived porous 
UHTCs, a detailed study to reveal the processing– 
structure–property relations for each of the main 
processing routes is still required. We hope that more 
progress will be made in the future by excellent 
research contributions. The systematical study would 
lead to significant advance not only in the precursor 
synthesis area, but also on the preparation of ultra-high 
temperature ceramic matrix composites for extreme 
applications.  
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