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ABSTRACT

High-temperature thermal insulation materials challenge extensive oxide candidates such as porus SiO2, Al2O3, yttria-stabi-

lized zirconia, and mullite, due to the needs of good mechanical, thermal, and chemical reliabilities at high temperatures simul-

taneously. Recently, porous rare earth (RE) silicates have been revealed to be excellent thermal insulators in harsh

environments. These materials display attractive properties, including high porosity, moderately high compressive strength, low

processing shrinkage (near-net-shaping), and very low thermal conductivity. The current critical challenge is to balance the excel-

lent thermal insulation property (extremely high porosity) with their good mechanical properties, especially at high tempera-

tures. Herein, we review the recent developments in processing techniques to achieve extremely high porosity and multiscale

strengthening strategy, including solid solution strengthening and fiber reinforcement methods, for enhancing the mechanical

properties of porous RE silicate ceramics. Highly porous RE silicates are highlighted as emerging high-temperature thermal insu-

lators for extreme environments. 

Key words : Porous rare earth silicate ceramics, Thermal insulation materials, Preparation methods, Microstructure,

Properties

1. Introduction

orous ceramics are an important class of materials in
industrial production and human life. They have

attracted a great deal of attention owing to their unique
advantages such as good high-temperature resistance, good
corrosion resistance, low density, low thermal conductivity,
high permeability, and high specific strength.1-5) Therefore,
porous ceramics have been widely used in many fields,
including filtration of molten metals and hot corrosive
gases, chemical sensors, solid oxide fuel cells, catalysts and
catalyst carriers, aeration of liquids, bacteria immobiliza-
tion, and thermal insulators.6-10) 

 Among the various applications, porous ceramics play an
important role in thermal insulation. At present, the com-
mon porous ceramics used as thermal insulators are porous
SiO2, Al2O3, mullite, and yttria-stabilized zirconia (YSZ).
These traditional materials have their respective advan-
tages, however, they also have drawbacks, such as a low
compressive strength (5.82 MPa, porosity: P = 70.1%) and a
low operating temperature (~ 1200°C) for porous SiO2

ceramic;11−13) high thermal conductivities [0.8 W/(m·K), P ≈
73% and 1.2 W/(m·K), P ≈ 66%] for porous Al2O3 ceramic;14−

16) a low strength (5.24 MPa, P = 80.3%) for porous mullite
ceramic;17,18) as well as high sintering linear shrinkages

(15% at 1550°C, P = 45% and 31.8% at 1550°C, P = 65%)
and a high density (1.2 g/cm3, P = 80%) for porous YSZ.19,20)

Hence, the new focus of porous ceramic research is to seek
novel matrix materials with better properties.

2. Novel Matrix Materials–Rare Earth Silicates

An excellent (high-temperature) thermal insulator pri-
marily must have the features of good high-temperature
resistance and low thermal conductivity. Therefore, the new
matrix of a porous ceramic should be a material that has a
high melting point, good thermal stability, and low thermal
conductivity. Rare earth silicates are a class of materials
that exhibit high melting point, low thermal conductivity,
and good thermal and chemical stability at high tempera-
tures.21−24) Hence, they have been chosen as a novel matrix
material for thermal insulation owing to their outstanding
properties, and porous rare earth silicate ceramics have
recently become the new direction of research in the field of
porous ceramic thermal insulators.25−31)

There are two stable phases of rare earth silicates:
RE2SiO5 (monosilicates) and RE2Si2O7 (disilicates).32,33) In
this regard, there has been more research on yttrium sili-
cates because of their abundant reserves and relatively
lower prices. Specifically, X2-Y2SiO5 and γ-Y2Si2O7 are the
most stable high-temperature phases that have better prop-
erties compared with their various polymorphs.34−36) There-
fore, X2-Y2SiO5 and γ-Y2Si2O7 have been applied as the
matrix materials of porous thermal insulators.25−30,37−40) Sim-
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ilarly, Yb2SiO5 has an extremely low thermal conductivity
(< 1.3 W/(m·K) above 1000°C),24) and has also been prepared
to a porous ceramic.41,42) γ-(Y1-xHox)2Si2O7 solid solution is
also used as a matrix material of porous ceramic and exhib-
its good room- and high-temperature performances.43)

 2.1. Crystal structures and properties of X2-RE2SiO5

As we know, Y is a kind of representative rare earth ele-
ment, and is chose as an example to illustrate rare earth
monosilicates. Y2SiO5 has two polymorphs: X1 (low-tem-
perature phase, < 1190°C) and X2 (high-temperature phase,
> 1190°C).35) Because there is no phase transformation
between room temperature and the melting point of X2
phase, it is beneficial for thermal insulation, and X2-Y2SiO5

is a suitable porous ceramic matrix. Fig. 1 shows the crystal
structure of the high-temperature phase of Y2SiO5 (hereaf-
ter simply referred to as Y2SiO5 for brevity). It belongs to
the B2/b space group and monoclinic system. The unit cell
contains 64 atoms (eight formulas). Nonequivalent atomic
sites consist of two Y sites (Y1 and Y2), one Si site, and five
O sites (O1–O5). Y1 and Y2 coordinate with six or seven O
atoms and form YO6 or YO7 polyhedron, respectively. Four
O (O1–O4) atoms and a Si atom at the centre form a SiO4

tetrahedron, while the O5 atom is loosely bonded to four Y
atoms, with no Si atom in the nearest-neighborhood.44−46)

 The reason why Y2SiO5 attracts a great deal of attention
is that it exhibits many excellent properties such as high
melting point (1950°C),21) low oxygen permeability (10−10 kg/
(m·s)) at temperatures up to 1700°C,47) low dielectric con-
stan (3.4),48) good chemical and thermal stability,23,49,50) and
good damage tolerance.51) As mentioned before, Y2SiO5 does
not undergo a phase transformation between room tem-
perature and its melting point. In particular, Y2SiO5 has a
very low thermal conductivity (< 1.4 W/(m·K), > 900°C),
which is lower than those of most common thermal barrier
coating materials such as YSZ, as shown in Fig. 2.24,52) It
would be highly advantageous for a thermal insulation
material to have a low starting value of thermal conductiv-
ity and extremely good heat-insulating property. 

Yb2SiO5 has only one crystal form, namely the X2 phase,
owing to the small ionic radius of Yb.36) The crystal struc-
ture of Yb2SiO5 is the same as that of X2-Y2SiO5, belonging

to the B2/b space group and monoclinic system.24,46,53)

Yb2SiO5 also has the merits of no phase transformation,
high-temperature stability,54) excellent corrosion resis-
tance,55) low thermal conductivity (theoretical lattice ther-
mal conductivity: 0.8 W/(m·K), experimental thermal
conductivity: 1.3 W/(m·K) at 1000°C, as shown in Fig. 3),24)

low shear deformation resistance, and good machinability.53)

Therefore, it is suitable for use as the matrix material of
new-generation porous ceramics.

2.2. Crystal structure and properties of γ-RE2Si2O7

As the typical rare earth disilicate, Y2Si2O7 is a promising
refractory ceramic. There are six polymorphs of Y2Si2O7 (y,
α, β, γ, δ, and possibly z).36,56) Of these, γ-Y2Si2O7 is stable at
both room and high temperatures, with the γ phase existing
from room temperature to 1535°C: 

.57) Hence, the investigations on Y2Si2O7 mostly
focus on γ-Y2Si2O7. The crystal structure of γ-Y2Si2O7 is illus-

1250 10 1445 10α βC C± ° ± °
⎯⎯⎯⎯→ ⎯⎯⎯⎯→

1535 10γ δC± °
←⎯⎯⎯→

Fig. 1. Crystal structure of X2-Y2SiO5. Reproduced with per-
mission from reference.45)

Fig. 2. Thermal conductivity of Y2SiO5 and its comparison
with other low thermal conductivity material. Repro-
duced with permission from reference.23,52)

Fig. 3. Experimental, theoretical, and minimum lattice ther-
mal conductivities of Yb2SiO5. Reproduced with per-
mission from reference.24)
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trated in Fig. 4. γ-Y2Si2O7 crystallizes in a monoclinic lattice
with P21/c space group. It has 22 atoms (two formulas) per
unit cell, and there are one Y, one Si, and four O sites. The
Si is fourfold coordinated to the O atoms in a distorted tetra-
hedral environment. Two adjacent SiO4 tetrahedra share
one O at the corner and form the Si2O7 pyrosilicate struc-
ture having a linear Si–O–Si bridge. Y is surrounded by six
O atoms and forms YO6 octahedra.45,58) 
γ-Y2Si2O7 is attractive owing to its outstanding properties,

including high melting point (1775°C), low linear thermal
expansion coefficient (~ 3.9 × 10−6 K−1, 25–1400°C), good
thermal shock resistance (ΔTc = 300°C), and good machin-
ability.21,22,59) Moreover, γ-Y2Si2O7 is very stable in high-pres-
sure steam at elevated temperatures. It implies that γ-
Y2Si2O7 has high chemical and thermal stability, for exam-
ple, it exhibits good hot corrosion resistance against molten
Na2SO4 (the corrosion scales measured were less than 40
μm at 850–1000°C for 20 h, in Fig. 5) and Na2CO3 salts (the
corrosion scales measured were less than 90 μm at 850–
1000°C for 20 h).60,61) Particularly, it exhibits low thermal
conductivity (< 2 W/(m·K), > 1000°C).22,62) Such a refractory
ceramic with low thermal conductivity and good corrosion
resistance offers great promise from an application perspec-
tive of thermal insulator and could even be used in high-
temperature and extreme chemical environments.

Table 1 lists the properties of X2-Y2SiO5, Yb2SiO5, and γ-

Y2Si2O7 ceramics. It can be seen that the advantages of the
rare earth silicates used as the matrix of porous thermal
insulation materials are their high melting point, low ther-
mal conductivity, phase stability, good thermal and chemi-
cal stability, and good corrosion resistance. Therefore, when
they are fabricated as porous ceramics, these porous rare
earth silicate ceramics would exhibit extraordinary perfor-
mances even under high temperatures and in extreme envi-
ronments.

Besides, rare earth silicates can be fabricated in the form
of solid solutions that also display good properties, which
can obviously reduce the thermal conductivity of the initiat-
ing pure material (Y3-xErxAl5O12, (Gd1−xYbx)2Zr2O7, and
(YxYb1-x)2SiO5).46,63,64) Similarly, our latest study finds that
the thermal conductivity of γ-(Y1-xHox)2Si2O7 solid solution is

Fig. 4. Crystal structure of γ-Y2Si2O7. Reproduced with per-
mission from reference.45)

Fig. 5. Cross-sectional micrograph (top) and the correspond-
ing elemental distribution maps of γ-Y2Si2O7 after hot
corrosion at 1000°C. Reproduced with permission from
reference.60)

Table 1. Properties of Representative Rare Earth Silicates

Compound
Melting point

(°C)
Thermal conductivity 

(W/(m·K))
Phase-stability 

interval
Chemical and 

thermal stability
Corrosion 
resistance

X2-Y2SiO5 1950 < 1.34 (> 900°C) R.T.–melting point high high

Yb2SiO5 1950 < 1.3 (> 1000°C) R.T.–melting point high high

γ-Y2Si2O7 1775 < 2 (> 1000°C) R.T.–1535°C high high

R.T. is room temperature.
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markedly lower than those of γ-Y2Si2O7 and γ-Ho2Si2O7, as
indicated in Fig. 6. Furthermore, preparing a solid solution
is a conventional and effective method to enhance the
strength of ceramic materials.65-67) Therefore, the fabrication
of porous rare earth solid solution ceramics would result in
excellent thermal insulation materials, which is unexpected
and surprising. 

3. Preparation, Microstructure, and Properties 
of Porous RE–Si–O Ceramics

3.1. Porous RE2SiO5 ceramics

At present, the fabrication and investigations on porous
RE2SiO5 ceramic have mostly focused on porous Y2SiO5

ceramic,25−28,37−39,68) as well as a few other studies on com-
pound porous Y2SiO5 ceramic69,70) and porous Yb2SiO5

ceramic.41,42) As far as the porous Y2SiO5 ceramic is con-
cerned, there exist several methods to prepare such materi-
als, including TBA-based freeze casting (where TBA refers
to tert-butyl alcohol), TBA-based gel-casting, water-based
freeze casting, in-situ foam-gelcasting, pore-forming agent,
and in-situ foam-gelcasting-freeze drying. Each of the meth-
ods can be used to obtain porous ceramics with different

pore sizes, microstructures, and properties. From another
perspective, these research studies can be divided into two
broad categories: direct sintering25−27,37,38) and in-situ reac-
tion sintering,28,39,68) i.e., using Y2SiO5 powder as the raw
material for direct sintering and Y2O3 and SiO2 powders as
the raw materials for in-situ reaction sintering. Moreover,
to realize better thermal insulators, the compound porous
Y2SiO5 ceramic was fabricated by recombining other materi-
als, such as silica aerogel-impregnated porous Y2SiO5 ceram-
ic69) and ZrO2 fiber-reinforced porous Y2SiO5 ceramic.70)

Besides, the water-based freeze casting method was also
employed to prepare porous Yb2SiO5 ceramic.41,42)

3.1.1. Porous Y2SiO5 ceramic
3.1.1.1. TBA-based freeze casting method
Li et al. fabricated porous rare earth silicate ceramics, and

the new-type porous Y2SiO5 ceramic emerged in 2012.25)

TBA-based freeze casting method was used and porous
Y2SiO5 with an oriented pore structure was obtained. Fig. 7
shows the microstructures of the porous Y2SiO5 ceramic pre-
pared by the TBA-based freeze casting method. It is inter-
esting to note that the porous Y2SiO5 sample has a uniform
pore size distribution and the well aligned pores grow with a
preferential orientation, which is parallel to the freezing
direction. The regular and uniform pores are formed
because the TBA ice crystal grows with a preferential orien-
tation during the freezing process and TBA normally forms

Fig. 6. Thermal conductivities of (YxYb1-x)2SiO5 (Reproduced
with permission from reference.46)) and γ-(Y1-xHox)2Si2O7

at different temperatures.

Fig. 7. SEM images of porous Y2SiO5 ceramic prepared (a)
perpendicular and (b) parallel to the freezing direc-
tion by TBA-based freeze casting method. Repro-
duced with permission from reference.25)
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long, straight ice prisms without any branches.71)

From Fig. 7(a), it is also observed that the pore size result-
ing from the TBA freezing ranges from 14 μm to 132 μm,
with the mean being about 40 μm. The pore size and poros-
ity of the porous sample could be adjusted by the solid con-
tent of the slurry in the case of the TBA-based freeze casting
method. Thus, controlled preparation could be realized. Sur-
prisingly, the thermal conductivity of porous Y2SiO5 is as
low as 0.05 W/(m·K), when the porosity is 57%. It indicates
that the porous Y2SiO5 ceramic displays excellent heat-
shielding performance and would be promising as a thermal
insulation material.

3.1.1.2. TBA-based gel-casting method
Hou et al. used TBA-based gel-casting method to fabricate

porous Y2SiO5.26) The as-prepared porous sample exhibits an
isotropic interconnected 3D pore structure, as shown in Fig.
8. The pore size distribution is small and even, as is the dis-
tribution of the ceramic particles of Y2SiO5. Quantitatively,
the mean pore size varies from 2.90 μm to 2.17 μm when the
sintering temperature increases from 1200°C to 1500°C
(Fig. 8(c)). As can be seen, TBA-based gel-casting method is
an easy way to obtain a narrow and uniform pore distribu-
tion (mostly < 5 μm).72−74) More importantly, even, small
pores (1–5 μm) are conducive to preparing a porous ceramic
with low thermal conductivity and high strength, according
to Mie theory75−77) and Gibson & Ashby theory.78,79) As a

result, the as-prepared porous Y2SiO5 ceramic also has the
advantages of low thermal conductivity (0.13–0.20 W/(m·K))
and relatively high strength (3.34–16.51 MPa), with the
porosity of 58%–67%, as presented in Fig. 8(d).

3.1.1.3. Water-based freeze casting method
Zhang et al. employed water-based freeze casting tech-

nique to fabricate porous Y2SiO5.27,37) The characteristics of
the water-based freeze casting method are that the as-pre-
pared porous material contains long straight channels gen-
erated by the freezing of water and the porous skeleton (Fig.
9(a) and (b)). Meanwhile, the pore structures of the samples
are uniformly distributed and interconnected. Furthermore,
the properties of the porous samples are very good, such as
high porosity (71%), low thermal conductivity (0.07 W/
(m·K)), and low dielectric constant (1.89) (Fig. 9(c) and (d)).
The low thermal conductivity of porous Y2SiO5 is useful for
high-temperature insulation applications.

It should be mentioned that, although both TBA and
water could be used as the dispersion medium, there are
some differences. Table 2 lists some of the physical proper-
ties of TBA and water.72) From the table, it can be seen that
each solvent has its own advantages. The merits of water
are that it is convenient, environmentally friendly, and safe.
With regard to TBA, it has a low freezing temperature, low
surface tension, and good volatility. When different medi-
ums are chosen, different microstructures are obtained. If

Fig. 8. Microstructures and properties of porous Y2SiO5 ceramic prepared by TBA-based gel-casting method: (a) microstructure of
a sample sintered at 1400°C, (b) interconnected 3D pore structure, (c) pore size distribution and (d) strength and thermal
conductivity of porous samples sintered at 1200–1500°C. Reproduced with permission from reference.26)
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water is used to make up the slurry, a lamellar pore struc-
ture is usually obtained after freeze drying (without gela-

tion).80−82) For TBA, it is general to produce an aligned
straight prismatic pore-channel structure, due to its freez-

Fig. 9. Microstructures and properties of porous Y2SiO5 ceramic prepared by water-based freeze casting method: (a) reveals long
straight channels, while (b) shows the pore walls; (c) compressive strength and thermal conductivity; and (d) dielectric
constant of samples sintered at 1250–1450°C. Reproduced with permission from reference.27) 

Table 2. Some Physical Properties of Tert-Butyl Alcohol (TBA) and Water. Reproduced with permission from reference71,72)

Medium
Liquid density 

(g/mL)
Freezing 

temperature (°C)
Saturated vapor 

pressure at 40°C (kPa)
Surface tension 
at 40°C (mN/m)

Volume 
increase (%)

Toxicity

TBA 0.79 25.3 6.4 15.15 2 low

Water 1 0 3.4 72.10 11 no

Fig. 10. Porous Y2SiO5 ceramic prepared by pore-forming agent method: (a) Microstructure of a sample with 40 wt% starch pow-
der and (b) pore size distributions of samples with 10–40 wt% starch powders. Reproduced with permission from refer-
ence.38) 
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ing.71,83) 

3.1.1.4. Pore-forming agent method
He et al. adopted the technique of adding a pore-forming

material to fabricate porous Y2SiO5.38) The advantages of
this method are its simple process, the controllability of pore
shape and size and porosity, and its good body-forming abil-

ity,84−86) i.e., the pore shape, pore size, and porosity are con-
trolled by adjusting the category, particle size, and amount
of the pore-forming agent added. The as-prepared porous
Y2SiO5 material has a uniform pore and skeleton distribu-
tion, narrow pore size distribution (1.02–2.01 μm), and low
thermal conductivity (0.81–0.18 W/(m·K)), with the porosity
being 38.3%–70.4%, as indicated in Fig. 10.

3.1.1.5. In-situ reaction sintering foam-gelcasting method
Y2SiO5 powder served as the raw material in all the

abovementioned studies. Wu et al. found a new way to syn-
thesize porous Y2SiO5 ceramic via in-situ reaction sintering
process by using Y2O3 and SiO2 powders as the starting
materials.28,68) Experimental results demonstrate that the
in-situ reaction sintering technique could easily result in a
single-phase (Fig. 11) porous Y2SiO5 ceramic with very
low sintering shrinkage, quite high porosity, and high
strength.28,68) In-situ foam-gelcasting method was employed
to prepare a porous sample. Compared with the direct foam-
gelcasting method that uses Y2SiO5 powder as the raw
material, the porous Y2SiO5 sample fabricated by in-situ

foam-gelcasting has multiple pore structures, including
large (30–400 μm) and small pores (0.2–1 μm) in the cell
walls (Fig. 12).68) Regarding the formation of the pores, the
large pores are generated by the foaming process, whereas
the small pores can be mainly attributed to the in-situ reac-
tion partial sintering.28,40)

It is worth noting that the skeleton gets denser with
increasing sintering temperatures for the direct sintering

Fig. 11. XRD pattern of pure-phase porous Y2SiO5 ceramic
sintered at 1550°C for 3 h in air by in-situ foam-
gelcasting method. Reproduced with permission from
reference.68)

Fig. 12. SEM images of porous Y2SiO5 prepared by in-situ foam-gelcasting method with different porosities and interconnected
porous structures: (a) and (b) large pores and small pores with porosity of 88.4%, and (c) and (d) large pores and small
pores with porosity of 72.4%. Reproduced with permission from reference.68)
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process. However, the skeletons of the samples always
maintain uniformly porous structures at elevated tempera-
tures for the in-situ reaction sintering process, as presented

in Fig. 13.28) Except for the only difference in the starting
powder (Y2SiO5 vs. Y2O3 and SiO2), the two processes have
the same preparation conditions, such as the proportion of

Fig. 13. SEM images of the morphology of the skeleton of porous Y2SiO5 synthesized through two sintering methods at different
temperatures: direct sintering, (a) 1350°C; (b) 1450°C; (c) 1550°C, and in-situ reaction sintering, (d) 1350°C; (e) 1450°C;
(f) 1550°C. Reproduced with permission from reference.28)

Fig. 14. Effects of (in-situ and direct) sintering methods on the (a) shrinkage, (b) porosity, (c) compressive strength, and (d) ther-
mal conductivity of porous Y2SiO5 at different sintering temperatures (1350–1550°C). Reproduced with permission from
reference.28)
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slurry, foam process, and sintering technology (heating and
cooling rates and temperature). The reason for such a phe-
nomenon is that, the main reaction is the rapid sintering of
adjacent Y2SiO5 particles, for the direct sintering process;
nevertheless, for the in-situ sintering process, the dominant
reaction is the slow molecular diffusion occurring through
the contact surfaces of Y2O3 and SiO2 powders. Perhaps, the
primary reaction site of direct sintering is centered in the
surface layer of the Y2SiO5 powder and adjacent particles
are bonded together, while the in-situ reaction sintering
pervades every part of the starting particle and the inter-
spaces between the adjacent powders are still existed after
the reaction. Thus, the direct sintering occurs more easily
than the in-situ reaction sintering, and the skeleton
becomes denser during direct sintering. However, the
formed skeleton is porous for in-situ reaction sintering.

Moreover, the obvious difference in the microstructure
could result in a huge difference in the properties,28) as illus-
trated in Fig. 14. As can be seen, the properties of porous
Y2SiO5 ceramic fabricated by in-situ sintering are superior
to those obtained by direct sintering. For example, much
lower sintering shrinkage (1.0%–4.7%), higher porosity
(82.1%–80.1%), lower density (0.79–0.88 g/cm3), higher
strength (3.54 MPa, porosity = 82.1%), and lower thermal
conductivity (0.477 W/(m·K), porosity = 62.3%) are observed
compared to those (shrinkage: 3.8%–19.8%, porosity:
79.8%–64.1%, density: 0.90−1.59 g/cm3, strength: 3.26 MPa
(porosity = 79.8%), and thermal conductivity: 0.585 W/(m·K)
(porosity = 62.5%)) of the porous ceramic synthesized by the
direct sintering method.

As mentioned earlier, the direct sintering occurs more
easily and the skeleton is denser, compared to those of in-

situ reaction sintering. Naturally, when Y2SiO5 powder is
used as the starting material, the sintering linear shrinkage
is much higher, especially at high temperatures (> 1500°C).
Therefore, a lower shrinkage, a lower density and a higher
strength are obtained in the case of in-situ reaction sinter-
ing method. It should be noticed that, the compressive
strength and thermal conductivity of the samples obtained

by in-situ reaction sintering are overmatched those of the
porous ceramic prepared from direct sintering, under the
condition of similar porosity (Fig. 14(c) and (d)). This indi-
cates that in-situ reaction sintering could produce strong
and firm sintering necks, which contribute to the high
strength. Meanwhile, in-situ reaction sintering could also
form uniform small pores in the skeleton, which is beneficial
in restraining heat transport and reducing thermal conduc-
tivity. The results show that the in-situ reaction sintering
process is an effective method for preparing porous Y2SiO5

ceramics exhibiting excellent performances. 
Additionally, the in-situ foam-gelcasting method was used

to prepare porous Y2SiO5 with different porosities (60.7%–
88.4%) that were controlled by adjusting the raw material
ratio. When the porosities are different, the microstructures
are also different. A sample with a higher porosity has more
large pores and thinner pore walls. On the other hand, a
sample with a low porosity contains more small pores and
thicker pore walls, as shown in Fig. 15. Corresponding prop-
erties are also obtained, including low linear shrinkages of
6.3%–4.5%, high compressive strengths of 38.2–0.90 MPa,
and low thermal conductivities of 0.126–0.513 W/(m·K)
(porosity: 87.1%–60.2%), as shown in Fig. 16.68) Further-
more, porous Y2SiO5 still exhibits outstanding strengths at
high temperatures (the compressive strengths at 1100°C
and 1300°C are 95% and 80%, respectively, of that at room
temperature). The results indicate that porous Y2SiO5

ceramic prepared by in-situ foam-gelcasting is a potential
high-temperature thermal insulation material owing to its
light weight, low thermal conductivity, and high strength.

3.1.1.6. In-situ foam-gelcasting-freeze drying method
In the above results, we can see that the highest porosity

of porous Y2SiO5 ceramic reported from most studies is only
about 73%. Even when the in-situ foam-gelcasting method
is used, the highest porosity realized is 88.4%. It is difficult
to obtain higher porosities (> 90%) for porous Y2SiO5. The
reasons for this are, on one hand, when Y2SiO5 powder is
used as the raw material, serious linear shrinkage (15%–

Fig. 15. XRT images of porous Y2SiO5 ceramics with different porosities: (a) 88.4%, (b) 72.4%, and (c) 60.7%. Reproduced with
permission from reference.68)
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22%) is occurred at high temperatures for TBA-based freeze
casting, TBA-based gel-casting, water-based freeze casting,
foam-gelcasting (direct sintering), and pore-forming agent
methods.25−28,38) Naturally, the large sintering shrinkage sig-
nificantly reduces the porosity of the porous sample. The
root of the problem is the enormous shrinkage occurred
during the high-temperature sintering process. On the
other hand, as for the in-situ foam-gelcasting method, in
order to obtain a high porosity, it is necessary to use a slurry
with low solid content (< 25 vol.%) and highly foam the
slurry. In this method, the cell wall of the foamed green
body is very weak and can be easily deformed and shrunk
under a high surface tension because of the gas-liquid inter-
face that forms during the drying process.72,87) Thus, the
problem is the evident deformation and shrinkage occurred
during the drying process. 

Therefore, a new technique should be explored for prepar-
ing porous Y2SiO5 ceramics with quite high porosities
(> 90%). Only when a very high porosity is realized can

lower density and lower thermal conductivity be obtained
for a porous material. Then, the thermal insulator would
display excellent heat-shielding performance. Afterwards,
in-situ foam-gelcasting-freeze drying method was developed
to fabricate porous Y2SiO5 with higher porosities (> 90%).39)

In the freeze drying process, the gas-liquid interface is elim-
inated and the surface tension of water is prevented by the
sublimation of ice.88−90) Hence, the phenomena of deforma-
tion and shrinkage for a green body are avoided after the
freeze drying process, even though slurries with low solid
contents (10–20 vol.%) are used. The advantages of freeze
drying and in-situ reaction sintering can be successfully
combined together to simultaneously obtain low drying
shrinkage (< 1.9%) and low sintering shrinkage (5.5%–
7.7%),39) which contribute to superhigh porosities. 

Porous Y2SiO5 ceramic prepared by in-situ foam-gelcast-
ing-freeze drying technique also displays multiple pore
structures (large and small pores), which is similar to the
microstructure obtained by the in-situ foam-gelcasting
method. Moreover, even though the freeze drying process is
utilized, there are no unidirectional pores in the porous
sample. It suggests that the freezing of water and the
growth of ice crystals have little effects on the microstruc-
ture of the porous ceramic, as shown in Fig. 17. For the
microstructures of the porous samples fabricated from dif-
ferent solid contents, the same points are that they have
similar multiple structures and similar small pore distribu-
tion (0.4–3.5 μm; Fig. 17(b), (e), and (h)). However, the dif-
ference is that the distribution of the large pores is wide
(70–500 μm, Fig. 17(a)) for the sample with low solid con-
tent and high porosity, whereas it is narrow for the sample
with a relatively high solid content and low porosity (60–
400 μm and 45–260 μm, Fig. 17(d) and (g)).39) 

In terms of properties, the biggest highlights are the
superhigh porosity (95.8%), quite low density (0.19 g/cm3),
and extremely low thermal conductivity (0.054 W/(m·K))
obtained through the in-situ foam-gelcasting-freeze drying
method. A thermal insulator that is lightweight and has a
low thermal conductivity was realized. Besides, the shrink-
age is 7.7% when sintered at the high temperature of
1550°C for 3 h, for the solid content of 10 vol.%. Particu-
larly, the porous Y2SiO5 ceramic also exhibits excellent ther-
mal stability in the condition of such a high porosity. The
shrinkages of the 1st, 2nd, and 3rd cycles (heating from
25°C to 1550°C and holding for 3 h in every circulation) are
only 1.7%, 2.0%, and 1.9%, respectively for the initial sam-
ple with the porosity of 93.9%.39) The results suggest that in-

situ foam-gelcasting-freeze drying method is an effective
method to fabricate porous ceramics with ultrahigh porosi-
ties and low thermal conductivities.

The contrasts in the properties of porous Y2SiO5 ceramics
obtained by different methods are presented in Table 3. It
can be seen that the pore sizes are small and the pore distri-
butions are narrow for the porous Y2SiO5 materials pre-
pared by freeze-casting, gel-casting, and pore-forming agent
methods. On the other hand, the porous samples fabricated

Fig. 16. Effect of porosity on the (a) compressive strength
and (b) thermal conductivity of porous Y2SiO5

ceramic. Reproduced with permission from refer-
ence.68)
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by the (direct and in-situ) foam-gelcasting methods reveal
large pores and wide pore size distributions. Besides, when
Y2SiO5 powder is used as the raw material, shrinkage is
large, especially at higher temperatures (1450–1550°C).
However, the samples prepared by the in-situ process have
very low shrinkages, even at the high temperature of
1550°C, which is beneficial for net-shape forming. As far as
the porosity and density are concerned, the in-situ sintering
process could result in quite a high porosity and very low
density, compared to those of all the direct sintering pro-
cesses. 

As for the thermal conductivity, it is easy to understand
that the porous Y2SiO5 with a very high porosity has an
extremely low thermal conductivity, on the foundation of
the low intrinsic thermal conductivity of Y2SiO5 matrix
(1.86 W/(m·K) at room temperature). However, the thermal
conductivities are also very low for the porous samples with
low porosities that were prepared from Y2SiO5 starting pow-
der. This phenomenon can perhaps be explained by the low
sintering temperature and short holding time. The necks
and interfaces formed between the Y2SiO5 grains are not
very tight or firm at low sintering temperatures (1300–
1400°C) for 1–2 h; they are definitely weaker and looser
than those produced at 1550°C for 3 h by the in-situ process.

As is known, heat transport is more significantly affected by
the differences in the morphologies and contact areas of the
grains, as well as by the densification of the sintering necks.
Thus, the thermal conductivities are low for samples pre-
pared by using Y2SiO5 powder as the raw material. More-
over, the densification of sintering necks and the contact
areas of grains not only influence the thermal conductivity
of a porous ceramic but also affect the strength of a porous
material. From Table 3, it can be seen that the compressive
strengths are all relatively low for the samples fabricated
from Y2SiO5 powder. The low strength mainly results from
the weak sintering necks. It also indicates loose interface
bonding. In comparison, the in-situ sintering process could
realize light weight, low thermal conductivity, and high
strength simultaneously.

3.1.2. Porous Y2SiO5 ceramic composite materials
In order to obtain a material that exhibits a better perfor-

mance, a common and feasible method is to prepare compos-
ites. By utilizing the advantages of the second phase, new
composite materials having better overall properties can be
fabricated through powerful combination. When porous
Y2SiO5 ceramics are prepared as composites, they exhibit
higher strengths and lower thermal conductivities. These

Fig. 17. Microstructures of porous Y2SiO5 ceramic with different solid contents fabricated by in-situ foam-gelcasting-freeze dry-
ing method: (a), (b), and (c) show the large pores, small pores, and grains, respectively, for 10 vol.% solid content; (d),
(e), and (f) are the SEM images corresponding to 15 vol.% solids; and (g), (h), and (i) are the SEM images correspond-
ing to 20 vol.% solids. Reproduced with permission from reference.39)
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materials would then become outstanding thermal insula-
tors. For instance, silica aerogel/porous Y2SiO5 ceramic and
ZrO2 fiber/porous Y2SiO5 ceramic composites have emerged.69,70)

3.1.2.1. Silica aerogel/porous Y2SiO5 ceramic composite 
At present, silica aerogel is the type of thermal insulation

material with the highest porosity (99%), lowest density
(0.003 g/cm3), and lowest thermal conductivity (0.015 W/
(m·K)).90−92) Unfortunately, the strength of this excellent
thermal insulator is very low owing to the extremely high
porosity and delicate nanoskeleton. However, one of the vir-
tues of porous ceramics is the high specific strength. There-

fore, the silica aerogel/porous ceramic composite materials
could concurrently have low thermal conductivity and high
strength. In this condition, silica aerogel-impregnated
porous Y2SiO5 ceramic composite was synthesized by freeze
casting and sol-gel impregnation.69) 

Figure 18 shows the microstructures of porous Y2SiO5

ceramic before and after impregnation with silica aerogel.
The original porous Y2SiO5 contains pores with 3D reticular
shapes, as observed in Fig. 18(a). The microstructure of the
silica aerogel-impregnated porous Y2SiO5 ceramic is shown
in Fig. 18(b). It is observed that silica aerogel distinctly
occupies almost all the pore channels of the porous Y2SiO5

Table 3. Comparison of the Properties of Porous Rare Earth Silicate Ceramics Fabricated by Different Methods

Porous 
ceramic

Tempera-
ture
(°C)

Pore size
(µm)

Shrink-
age 
(%) 

Porosity 
(%) 

Density
(g/cm3)

Thermal 
conductivity
(W/(m·K))

Compressive 
strength 
(MPa) 

Highest 
porosity

(%) 
Method 

Y2SiO5

1300
(1 h)

40
(d50)

/ 72–45 1.24–2.44 0.05–0.10 3.1–23.2 
72 

(1300°C) 
TBA-based 
freeze casting25) 

Y2SiO5

1250–1450 
(2 h)

50–25
(d50)

13.5–
20.8 

71–62 1.29–1.69 0.07–0.22 3.34–16.51 
71 

(1250°C) 
Water-based 
freeze casting27)

Y2SiO5

1300
(1 h)

40–10
(d50)

14.6–
22.7

72–52 1.24–2.13 / 1.87–8.42
72 

(1300°C)
Water-based 
freeze casting37)

Y2SiO5

1200–1500 
(2 h)

2.90–2.17
(d50)

9.69–
18.85 

67.09–
58.31 

0.99–1.32 0.13–0.20 3.34–16.51 
73.93 

(1200°C) 
TBA-based 
gel-casting26)

Y2SiO5

1500
(2 h)

1.02–2.01
(d50)

/
61.7–
29.6

1.70–3.12 0.18–0.81 28.25–1.43
61.7

(1500°C)
Pore-forming agent38)

Y2SiO5

1350–1550
(2 h)

30–260
(L)

3.8–19.8
79.8–
64.1

0.90–1.59
0.58

(P = 62.5%)
3.26–16.70

79.8 
(1350°C)

Foam-gelcasting28)

Y2SiO5

1550 
(3 h)

30–400 
(L)

6.3–4.5 
88.4–
60.7

0.52–1.74 
0.126–0.513 
(P = 87.1%–

60.2%)
0.9–38.2 

88.4
(1550°C) 

In-situ 
foam-gelcasting68)

Y2SiO5

1550
(3 h)

45–500
(L)

5.0–7.7
95.8–
92.2

0.19–0.35 0.054–0.089 /
95.8

(1550°C)
In-situ foam-gelcast-
ing-freeze drying39)

Aerogel/Y2SiO5

1400
(1 h)

18.2–12.1
0.05–0.08

/
86.4–
71.1

0.61–1.29 0.069–0.260 0.9–9.3
86.4 

(1400°C)
Freeze casting and 
sol-gel impregnation69)

ZrO2 fiber/
Y2SiO5

1250–1450
(45 min)

0.1–1.5 /
41.2–
27.2

2.72–3.14 0.33–0.56 14.8–65.7
41.2

(1250°C)
Pressureless sintering 
(Y2SiO5 nanopowder)70)

Yb2SiO5

1350–1550
(1 h)

10–40
(d50)

2.2–14.8
85.7–
71.2

0.98–1.99 0.113–0.301 2.82–7.01
85.7

(1550°C)
Water-based 
freeze casting41)

Yb2SiO5

1150–1550
(1 h)

10–50
(d50)

1.45–
7.60

85.65–
82.15

0.99–1.23 0.117–0.132 1.89–3.36
85.65

(1150°C)
Water-based 
freeze casting42)

γ-Y2Si2O7

1550
(2 h)

200–700 / 84.5 0.62 / 1.25
84.5

(1550°C)
Polymeric sponge 
impregnation29)

γ-Y2Si2O7

1550
(2 h)

60–250
(L)

6.0 84.9 0.61 0.230 6.22
84.9

(1550°C)
In-situ 
foam-gelcasting40)

γ-Y2Si2O7

1550
(2 h)

40–250
(L)

6.1–9.9
89.3–
64.3

0.43–1.44
0.14–0.918

(90%–57.2%)
3.4–46.5

89.3
(1550°C)

In-situ 
foam-gelcasting102)

γ-(Y1-xHox)2Si2O7

1550
(2 h)

30–310
(L)

4.7–10.2
81.2–
78.3

0.76–1.24 0.180–0.309 11.5–12.0
81.2

(1550°C)
In-situ foam-gelcast-
ing + solid solution43)

YSZ fiber/
γ-Y2Si2O7

1550
(2 h)

40–360
(L)

9.2–6.6
93.5–
92.7

0.26–0.32 0.107–0.090 0.99–1.36
93.5

(1550°C)
In-situ foam-gelcast-
ing-freeze drying30)

d50: mean pore size; the listed data are the mean pore sizes of different samples obtained under different conditions, therefore,
note that 50–25 (second row, third column) does not represent the pore size distribution of one sample. Here, 50 µm is the mean
pore size of the sample sintered at 1250°C (the pore distribution is very narrow for one sample); L: large pores; the listed data are
the summed pore distributions of several samples, therefore, the entry 45–500 represents the total of 45–260, 60–400, and 70–500
(the pore distribution is very wide for one sample); P: porosity. 
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matrix. Furthermore, silica aerogel presents a kind of con-
tinuous 3D network structure with homogeneous nanopores
of size 50–80 nm, as shown in Fig. 18(c). This type of
nanopore structure can remarkably reduce solid conductiv-

ity, gas conductivity, and thermal radiation, and restrain
air convection. Therefore, extremely low thermal conductiv-
ity can be obtained.

As expected, the silica aerogel-impregnated porous Y2SiO5

Fig. 18. SEM images of porous Y2SiO5 ceramic (a) before and (b) after impregnation with silica aerogel and (c) silica aerogel in
the pore channel. Reproduced with permission from reference.69)

Table 4. Porosity, Thermal Conductivity, and Compressive Strength of Porous Y2SiO5 Ceramic before and after Impregnation with
Silica Aerogel. Reproduced with permission from reference69)

Solid content 
(vol.%)

Porosityb 
(%)

Thermal conductivityb 
(W/m·K)

Compressive 
strengthb (MPa)

Porositya 
(%)

Thermal conductivitya 
(W/m·K)

Compressive strengtha 
(MPa)

10 88.4 0.079±0.0002 0.5±0.07 86.4 0.069±0.004 0.9±0.3

15 83.9 0.148±0.006 1.6±0.13 81.7 0.115±0.002 2.4±0.2

20 79.8 0.178±0.005 2.1±0.20 77.7 0.141±0.004 3.2±0.5

25 73.3 0.286±0.010 5.1±0.15 71.1 0.260±0.006 9.3±0.3

The superscripts a and b denote values after and before impregnation with aerogels, respectively.

Fig. 19. (a, b) Properties and (c, d: 20 vol.%) fracture morphologies of porous Y2SiO5 ceramic with different ZrO2 fiber contents.
Reproduced with permission from reference.70)
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ceramic displays obviously better properties than pure
porous Y2SiO5, as indicated in Table 4. It can be seen that
the room temperature thermal conductivity decreases and
the compressive strength increases remarkably after silica
aerogel is impregnated into porous Y2SiO5 ceramic. It is
understandable that the introduction of silica aerogel
reduces the thermal conductivity of the samples greatly,
due to the prominent heat-shielding performance of the
aerogel through the inhibition of heat transmission. The
increase in the strength is ascribed to the decrease in the
porosity and the stiffened network due to the impregnation
with silica aerogel.69)

3.1.2.2. ZrO2 fiber/porous Y2SiO5 ceramic composite 
In order to improve the mechanical properties of porous

ceramics, fiber reinforcement is a frequently used effective
method. Zhang et al. prepared ZrO2-fiber-reinforced porous
Y2SiO5 ceramic by a simple pressureless sintering process,
using Y2SiO5 nanoparticles prepared through sol-gel method
as the raw material.70) The results indicate that the strength
and thermal conductivity of the ZrO2-fiber-reinforced porous
Y2SiO5 nanocomposites are improved greatly when the
fibers are added, as shown in Fig. 19. The increase in
strength is due to fiber pullout (Fig. 19(c)) and the decrease
in density. On the other hand, the decrease in the thermal
conductivity is possibly because of the enhancement in the
interfacial thermal resistance with the increase in fiber con-

tent. Moreover, the composite material with 20 vol.% ZrO2

fibers exhibits optimum strengthening effects.

3.1.3. Porous Yb2SiO5 ceramic
As mentioned earlier, porous Yb2SiO5 ceramic is a new

member of porous RE2SiO5 materials. Water-based freeze
casting technique was employed to fabricate porous Yb2SiO5

by using synthesized Yb2SiO5 powder as the starting mate-

Fig. 20. SEM images of porous Yb2SiO5 ceramic with different solid contents: (a) and (b) show lamellar channel pores and small
pores for 15 vol.%, whereas (c) and (d) reveal the lamellar channel pores and small pores for 25 vol.%. Reproduced with
permission from reference.41)

Fig. 21. Compressive strengths and thermal conductivities
of porous Yb2SiO5 ceramic with different solid con-
tents.41)
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rial.41) The as-prepared porous sample reveals multiple pore
structures, including lamellar channel pores and small
pores in the skeleton (Fig. 20). The corresponding pore size
distributions are 10–40 μm and 0.2–1.0 μm, respectively.
From Fig. 21, it is observed that the porous Yb2SiO5 sample
exhibits good properties such as low thermal conductivity
(0.113–0.301 W/(m·K)) and high strength (2.82–7.01 MPa).
Besides, the linear shrinkage (2.2%–14.8%) is low and the
porosity (71.2%–85.7%) is high for porous Yb2SiO5, as pre-
sented in Table 3. In particular, when the content of solids
is higher than 15 vol.%, the sintering shrinkage is lower
than 7.2%, even at the high temperature of 1550°C. It indi-
cates that Yb2SiO5 powder has better sintering resistance
than Y2SiO5 powder. Therefore, the porosity of porous Yb2-

SiO5 is much higher than that of porous Y2SiO5, when the
raw materials are synthesized RE2SiO5 powders. These
results indicate that porous Yb2SiO5 ceramic is a good candi-
date for high-temperature thermal insulation materials.

Additionally, Han et al. investigated the effects of sinter-
ing temperature and recalcination on the properties of
porous Yb2SiO5 ceramic with 15 vol.% solids.42) The study
found that the shrinkage of the porous sample is quite low,
ranging from 1.45% to 7.60% as the sintering temperature
increases from 1150°C to 1550°C. Owing to the low shrink-
age, the porosity obtained is high (82.15%–85.65%). It
should be mentioned here that the linear shrinkage is quite
large (15%–29%) for the porous Yb2SiO5 ceramic prepared
at 1150–1350°C after the sample was calcined at 1500°C, as
shown in Table 5. Compared to the shrinkage of 4.85%
observed between the green body and the porous ceramic
sintered at 1450°C and the shrinkage of 0.2% obtained after
calcination at 1500°C, the values of resintering shrinkages
(20.5%–29%) are too large for the samples prepared at
1150°C and 1250°C. Therefore, it is concluded that the
porous material should be sintered at a high temperature, if
it is to be utilized as a high-temperature thermal insulator.
From the point of view of safety during service, a porous
ceramic thermal insulator should be sintered at relatively
high temperatures. Compared with other porous ceramics,
if the density of the sample can be made much lower for the
condition of a similar porosity, it would be better and of

importance for porous Yb2SiO5.

3.2. Porous γ-RE2Si2O7 ceramic

In general, it is quite difficult to prepare stoichiometric
pure-phase Y2Si2O7 by the solid-state reaction of Y2O3 and
SiO2 powders without using any sintering additives.93,94) The
reasons are there are many polymorphs of yttrium disilicate
(y, α, β, γ, δ, and possibly z) and the region of existence of γ-
Y2Si2O7 in the Y2O3–SiO2 phase diagram is quite nar-
row.36,95) Besides, most researches make use of the same
starting powder as the target product to fabricate porous
ceramics, and there is virtually no chemical reaction occur-
ring during the preparation process. For example, SiO2,
Al2O3, SiC, Si3N4, mullite, hydroxyapatite, and Y2SiO5 pow-
ders are used as the raw materials to prepare porous SiO2,
Al2O3, SiC, Si3N4, mullite, hydroxyapatite, and Y2SiO5

ceramics, respectively.26,96−101) Owing to the difficulty of pre-
paring pure γ-Y2Si2O7 powder, there have only been a few
investigations on porous γ-Y2Si2O7 ceramic, which were car-
ried out by the High-Performance Ceramics Division of the
Institute of Metal Research, Chinese Academy of Sci-
ences.29,30,40,43,102) Furthermore, the in-situ reaction sintering
technique was employed to fabricate porous γ-Y2Si2O7

ceramic by using Y2SiO5 powder and SiO2 sol or Y2O3 and
SiO2 powders as the starting materials; single-phase γ-
Y2Si2O7 was successfully obtained.

At present, the investigations on porous γ-Y2Si2O7 ceramic
include the preparation of the pure material by different
methods and performance optimization through solid solu-
tion strengthening and fiber reinforcement.29,30,40,102) To be
specific, the preparation methods include polymeric sponge
impregnation method, in-situ foam-gelcasting method, and
in-situ foam-gelcasting-freeze drying method. Performance
optimization refers to the utilization of a solid solution to
enhance the high-temperature strength of porous γ-Y2Si2O7

by adding holmium (oxide) with good high-temperature
mechanical properties, while YSZ fiber is added to improve
the strength of a porous γ-Y2Si2O7 sample with superhigh
porosity.

3.2.1. Porous γ-Y2Si2O7 ceramic
3.2.1.1. Polymeric sponge impregnation
The first work on porous γ-Y2Si2O7 ceramic took advantage

of the polymeric sponge impregnation method to prepare a
reticulated porous sample through reaction bonding process
by using Y2SiO5 powder and silica sol as the raw materi-
als.29) From the X-ray diffraction patterns of the samples, it
is observed that pure-phase γ-Y2Si2O7 could be obtained
when Y2SiO5 powder and silica sol are used as the raw
materials at a proper temperature (1550°C). It is usually
referred to as the reaction bonding process for the polymeric
sponge impregnation technique,103) and contributes to the
excellent mechanical properties of the prepared porous
ceramic, which is similar to that obtained from in-situ reac-
tion. The strength of the porous sample could be further
improved by the recoating process.104) 

Table 5. Influence of Sintering Temperature on the Linear
Shrinkage, Density, and Porosity of Samples, and the
Linear Shrinkage Obtained after Calcination of
Porous Yb2SiO5 Ceramic with 15 vol.% Solid Content
at 1500°C

Sintering 
temperature

(°C)

Linear 
shrinkage

(%)

Bulk 
density
(g/cm3)

Porosity
(%)

Resintering 
shrinkage 

at 1500°C (%)

1150 1.45 0.99 85.65 29

1250 2.10 1.02 85.20 20.5

1350 3.65 1.06 84.65 15

1450 4.85 1.11 83.95 0.2

1550 7.60 1.23 82.15 0
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As shown in Fig. 22(b–d), the physical sample is a white,
open-cell, and reticulated porous ceramic. It has the struc-
ture of well interconnected pores of sizes 200–700 μm. The
pore size distribution of the sample is determined by the
pore size distribution of the chosen sponge template. Addi-
tionally, cracks and triangular holes in the struts of the
porous ceramic are eliminated by the recoating technique
and there are very few filled cells in the sample. The micro-
structure of the sample, acquired through XRT analysis, is
similar to that observed by SEM, and the XRT image shows
that the porous γ-Y2Si2O7 ceramic contains interconnected
open pores, with a uniform distribution of struts. Moreover,
the compressive strength, porosity, and density are 1.28
MPa, 84.5%, and 0.62 g/cm3, respectively, which indicate
the good properties of the porous γ-Y2Si2O7 fabricated by the
polymeric sponge impregnation method. 

Polymeric sponge impregnation technique, as the most
traditional preparation method, is well suited for the fabri-
cation of reticulated porous ceramics for application in mol-
ten metal filtration, filtration of hot corrosive gases, and
catalyst carriers because of their high permeability, good
chemical stability, and controlled pore size.6,105,106) In other
words, reticulated porous ceramics with excellent permea-
bility and large pores are unfit for use as thermal insulators
owing to their high air circulation and high heat radiation.
Therefore, in-situ foam-gelcasting method is employed to

fabricate porous γ-Y2Si2O7 ceramic with low permeability
and low thermal conductivity.40,102)

3.2.1.2. In-situ foam-gelcasting
In subsequent work, a highly porous γ-Y2Si2O7 ceramic

was fabricated by in-situ reaction sintering foam-gelcasting

Fig. 22. (a) XRD patterns of porous ceramics sintered at different temperatures, (b) an optical photograph, (c) SEM image, and
(d) X-ray tomography image of a typical porous γ-Y2Si2O7 ceramic prepared by polymeric sponge impregnation method.
Reproduced with permission from reference.29)

Fig. 23. XRD patterns of porous γ-Y2Si2O7 sintered at 1500°C
and 1550°C for 2 h. Reproduced with permission
from reference.40)
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method by using Y2O3 and SiO2 powders as the raw materi-
als and N-hydroxymethyl acrylamide as the monomer.40) It
has been mentioned earlier that pure-phase γ-Y2Si2O7 is dif-
ficult to prepare. Hence, the focus should be on the phase
composition of the porous sample obtained. From the XRD
patterns of Fig. 23, it is noticed that there are three compo-
sitions in the sample when the sintering temperature is
1500°C. It also proves that it is difficult to fabricate single-
phase γ-Y2Si2O7 owing to the formation of apatite and other
polymorphs. However, pure porous γ-Y2Si2O7 ceramic is suc-
cessfully obtained when the green body is sintered at
1550°C when using Y2O3 and SiO2 powders as the starting
materials. 

Unlike the reticulated porous structure obtained through
the polymeric sponge impregnation method, the porous γ-
Y2Si2O7 synthesized by in-situ foam-gelcasting method has
multiple pore structures (Fig. 24), which is similar to the
porous Y2SiO5 ceramic prepared by the in-situ foam-gelcast-
ing method. The multiple pore structures include both large
pores (60–250 μm) and small pores (0.1–1.5 μm) in the skel-
eton, as well as windows (10–40 μm) between the large

Fig. 24. Microstructure of the green body and the multiple
porous structures of porous γ-Y2Si2O7: (a) green
body, (b) large pores, (c) small pores, and (d) X-ray
tomography image of the large pores. Reproduced
with permission from reference.40)

Fig. 25. Micrographs of the skeleton of porous γ-Y2Si2O7

ceramic synthesized by in-situ foam-gelcasting that
were sintered at (a) 1650°C and (b) 1700°C for 2 h.
Reproduced with permission from reference.40)

Fig. 26. SEM images of porous γ-Y2Si2O7 ceramic prepared by direct foam-gelcasting method by using Y2Si2O7 powder that was
sintered at 1550°C for 2 h: (a) cell wall and (b) skeleton.
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pores. Although the size of the large pores is 60–250 μm
(which is still smaller than the 200–700 μm for reticulated
porous ceramic), the channels flowed through by the convec-
tive gas are the small pores (0.1–1.5 μm) and the windows
(10–40 μm) during the heat conduction. Hence, the flow
velocity of air would be much lower than that of the reticu-
lated sample. Furthermore, there are plenty of interfaces
that reflect and scatter infrared radiation to further reduce
heat transport. Therefore, this type of structure can result
in a distinctly better heat-shielding performance than that
of the reticulated porous ceramic. The low thermal conduc-
tivity of 0.230 W/(m·K) for the porosity of 84.9% proves the
eminent heat-shielding performance of the porous γ-Y2Si2O7

prepared by in-situ foam-gelcasting method. Furthermore,
the results of low bulk density (0.61 g/cm3), high compres-
sive strength (6.22 MPa), and low linear shrinkage (6.0%)
suggest that porous γ-Y2Si2O7 ceramic is a promising ther-

mal insulator with excellent durability at high tempera-
tures.

Herein, it is important to mention how the small pores are
formed. Wu et al. pointed out that the basic reason for the
formation of small pores is the in-situ reaction partial sin-
tering process, rather than non-sintering densifica-
tion,28,40,43) which is similar to the mechanism of formation of
the small pores of porous Y2SiO5 ceramic. Experimental
results reveal that the small pores still maintain their
porous morphology, even when the holding time is increased
to 3–5 h or several reheating circulations are conducted (2–4
times, from 25°C to 1550°C for 2 h). After the sample was
sintered at 1650°C and 1700°C for 2 h, the small pores still
existed, as shown in Fig. 25. It indicates that the small
pores generated by the in-situ reaction process are so stable
that they could still exist even when the temperature is
close to the melting point (1775°C) of Y2Si2O7 ceramic.

Fig. 27. SEM images of porous γ-Y2Si2O7 ceramic with different porosities fabricated by in-situ foam-gelcasting method by using
gelatin as the gel former: (a) and (b) show the large and small pores, respectively, for 64.3% porosity; (c) and (d) are the
corresponding micrographs for 77.2% porosity; and (e) and (f) are the corresponding micrographs for 88.2% porosity.
Reproduced with permission from reference.102)
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Besides, Y2Si2O7 powder is used to prepare porous γ-Y2Si2O7

ceramic by foam-gelcasting method after sintering at
1550°C for 2 h. However, the cell wall and the skeleton of
the obtained sample are nearly dense (Fig. 26), particularly
the cell wall. In short, the small pores are formed by in-situ

reaction partial sintering and are quite stable.
Owing to the toxicity and pungent odor of the monomer

(acrylamide), cross-linker (N,N'-methylenebisacrylamide),
catalyst (N,N,N',N'-tetramethylethylenediamine), and initi-
ator (ammonium persulfate), gelatin, as a natural and envi-
ronmentally friendly gelling agent, was chosen to replace
the above four compounds for the preparation of porous γ-
Y2Si2O7 ceramic.102) Additionally, the effect of the change in
gel former on the structure is negligible, and the as-pre-
pared porous γ-Y2Si2O7 ceramic also exhibits a similar mul-
tiple pore structure. The factor that influences the micro-
structure is the porosity. Specifically, the cell wall is rela-
tively thick and more small pores exist in the sample with

low porosity. On the other hand, the pore wall is very thin
and more large pores are observed in the sample with high
porosity (Fig. 27). 

As for the porosity, it not only affects the microstructure of
a sample, but also determines the properties of a porous
sample. When the porosity of porous γ-Y2Si2O7 ceramic
increases from 64.3% to 89.3%, the density correspondingly
ranges from 1.44 g/cm3 to 0.42 g/cm3, and the strength of the
sample decreases from 46.5 MPa to 3.4 MPa, as shown in
Fig. 28(a). On the basis of the Gibson and Ashby theory, the
relative compressive strength of a porous material is related
to the relative density as follows:78)

 (1)

where σ and ρ are the compressive strength and bulk den-

σ

σ
s
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ρ

ρ
s
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Fig. 28. (a) Compressive strength of porous γ-Y2Si2O7 ceramic
at different porosities; and (b) relative compressive
strength as a function of relative density of porous
γ-Y2Si2O7. Reproduced with permission from refer-
ence.102)

Fig. 29. Variation in the thermal conductivity of porous γ-
Y2Si2O7 ceramic with different porosities between
room temperature and 300°C. Reproduced with
permission from reference.102)

Fig. 30. High-temperature compressive strength of a porous
γ-Y2Si2O7 sample with the porosity of 82.5% between
900°C and 1300°C. Reproduced with permission
from reference.102)
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sity of a porous ceramic, respectively; σs and ρs are the com-
pressive strength and density of the corresponding dense
ceramic, which are 650 MPa and 4.04 g/cm3 for γ-Y2Si2O7,
respectively;59,94) and C and n are constants. The slope (n)
was fitted to be 2.12 in the double log plot for the as-pre-
pared porous γ-Y2Si2O7 (shown in Fig. 28(b)). Although the
value is similar to 2.22, for porous SiOC ceramic,107) and 2.3,
for porous Al2O3 ceramic,99) the theoretical value is 1.5,
according to the Gibson and Ashby model. The lower the
value (≥ 1.5) of n, the better. It indicates that the porous
material would have a higher mechanical strength when
the value of n is close to 1.5.

Moreover, the influence of porosity on the thermal conduc-
tivity of porous γ-Y2Si2O7 is shown in Fig. 29. Porous γ-
Y2Si2O7 ceramic has the advantage of low thermal conduc-
tivities, such as 0.147–0.918 W/(m·K) at 30°C and 0.161–
0.729 W/(m·K) at 300°C, which correspond to the porosities
of 90.0%–57.2%. As can be seen, the porous γ-Y2Si2O7

ceramic prepared by in-situ foam-gelcasting method has
quite a low thermal conductivity, especially for a high poros-
ity. This is due to the fact that, on one hand, dense γ-Y2Si2O7

itself has a lower thermal conductivity than certain low
thermal conductivity ceramics. On the other hand, the high
porosity and small pores in the skeleton remarkably
restrain heat transmission and reduce the thermal conduc-
tivity. 

As a new-generation high-temperature thermal insulation
material, its high-temperature performance should be
investigated. For example, the high-temperature strength
and high-temperature stability are of great importance to a
high-temperature thermal insulator. Based on research, it
has been found that the compressive strength of porous γ-
Y2Si2O7 ceramic decreases as the temperature increases, as

indicated in Fig. 30. Specifically, at the temperatures of
900°C and 1100°C, the strengths are maintained at above
85% and 71%, respectively, of that at room temperature (7.4
MPa). 

As for the high-temperature stability, it is investigated by
examining the influence of heating circulation on the prop-
erties of porous γ-Y2Si2O7 ceramic. The porous sample was
heated from room temperature to 1550°C and held for 2 h
for every cycle. The heating-circulation shrinkages after the
first and second cycles are only 1.3% and 1.7% (Table 6),
respectively. Furthermore, the changes in density and
porosity after every cycle are also very small, being 0.03 g/
cm3 and 0.04 g/cm3 and 0.8% and 1.0%, respectively. Only
small decreases in the density and porosity are noticed,
while a remarkable increase in the strength is observed.
Thus, the porous γ-Y2Si2O7 ceramic fabricated by in-situ

foam-gelcasting method with good high-temperature perfor-
mance is highly promising for application as a high-tem-
perature thermal insulation material.

3.2.2. Porous γ-(Y1-xHox)2Si2O7 solid solution
As noted above, porous γ-Y2Si2O7 ceramic prepared by in-

situ foam-gelcasting method is a promising high-tempera-
ture thermal insulator. However, the good strength could
only be maintained up to the temperature of 1100°C. The
high-temperature strength retention is very low, when the
temperature is higher than 1100°C. For example, the com-
pressive strength (2.5 MPa) of porous γ-Y2Si2O7 at 1300°C
decreases to 34% of that at room temperature (7.4 MPa).102)

Hence, it is necessary to enhance the high-temperature
strength of the porous γ-Y2Si2O7 ceramic. As is known, solu-
tion strengthening is an effective method to increase the
mechanical properties of ceramic materials.65−67) Addition-

Table 6. Properties of the Original Sample Sintered from the Green Body and the Changes in the Properties of Porous γ-Y2Si2O7

after the 1st and 2nd Heating Circulations (from Room Temperature to 1550°C at the Heating Rate of 5°C/min and Holding
for 2 h). Reproduced with permission from reference102) 

Reheating
 circulation

Shrinkage 
(%)

Bulk density 
(g/cm3)

Porosity
(%)

Compressive strength 
(MPa)

Specific strength
 (10−3 Nm/kg)

Original / 0.71 82.5 7.4 10.4

1 1.3±0.1 0.74±0.01 81.7±0.2 9.7±1.1 13.1

2 1.7±0.4 0.78±0.01 80.7±0.2 12.7±3.3 18.3

Fig. 31. X-ray diffraction patterns, Raman spectra, and FTIR spectra of porous γ-(Y1-xHox)2Si2O7 ceramic sintered at 1550°C for 2
h (γ-(Y1-xHox)2Si2O7 is written as (Y1-xHox)2Si2O7 for brevity in the figures). Reproduced with permission from reference.43)
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ally, Tian et al. found that Ho2SiO5 exhibits a higher flex-
ural strength than any other RE2SiO5,24) and the flexural
strength at high temperatures is higher than that at room
temperature, as revealed in subsequent studies. Therefore,
Wu et al. employed solid solution strengthening with Ho to
improve the properties of porous γ-Y2Si2O7 ceramic at high
temperatures.43)

Porous γ-(Y1-xHox)2Si2O7 ceramic was fabricated by in-situ

foam-gelcasting method by using Y2O3, Ho2O3, and SiO2

powders as the starting materials. First, it should be con-
firmed whether the as-prepared porous sample is solid solu-
tion. Hence, the phase composition and chemical bonding of
the samples need to be examined. Fig. 31 shows the X-ray

diffraction patterns, Raman spectra, and FTIR spectra of
porous γ-(Y1-xHox)2Si2O7 ceramic. From the figure, it is
observed that all the samples display nearly the same peak
patterns for the three characterization methods. As shown
in the insets of the three figures, the diffraction peaks (peak
positions) shift towards lower angles (lower wavenumber
ranges) with the increase in Ho content. It indicates that
Ho3+ is doped into the crystal lattice of γ-Y2Si2O7, and the
shift is caused by the fact that the ionic radius (0.894 Å) of
Ho3+ is larger than that (0.880 Å) of Y3+. Consequently,
porous γ-(Y1-xHox)2Si2O7 solid solution was successfully fabri-
cated.

Similar to the microstructure of the porous γ-Y2Si2O7

Fig. 32. XRT micrographs of porous γ-(Y1-xHox)2Si2O7 ceramic: (a) and (b) are the large and small pores, respectively, of porous
Y2Si2O7; (c) and (d) are the corresponding images of (Y4/5Ho1/5)2Si2O7; (e) and (f) are the corresponding images of
(Y2/3Ho1/3)2Si2O7; (g) and (h) are the corresponding images of (Y1/2Ho1/2)2Si2O7; and (i) and (j) are the corresponding images
of Ho2Si2O7. Reproduced with permission from reference.43)

Table 7. Characteristics of Porous γ-(Y1-xHox)2Si2O7 Ceramics, based on XRT Technology. Reproduced with permission from
reference43) 

Porous ceramic
Porosity 

(%)
Volume fraction of 

large pores (%)
Proportion of large 

pores (%)
Proportion of small 

pores (%)
Porosity of skeleton 

(%)

Y2Si2O7 80.2 58.2 72.6 27.4 52.7

(Y4/5Ho1/5)2Si2O7 80.6 55.9 69.4 30.6 56.1

(Y2/3Ho1/3)2Si2O7 79.6 56.1 69.6 30.4 54.3

(Y1/2Ho1/2)2Si2O7 79.7 55.1 69.1 30.9 54.8

Ho2Si2O7 79.3 60.2 76.1 23.9 47.6
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ceramic prepared by in-situ foam-gelcasting, the porous γ-
(Y1-xHox)2Si2O7 solid solution also exhibits multiple pore
structures, as indicated in Fig. 32. From the XRT images, it
is observed that the porous sample consists of open large
pores (30–300 μm) that are nearly spherical in shape and
interconnected by small pores (0.1–3.5 μm) in the skeleton
and the circular window between the large pores. The
reason for the similarity in the structures of the porous γ-
(Y1-xHox)2Si2O7 is that the solid content, preparation technol-

ogy, and reaction mode are the same for the samples. There-
fore, there is little divergence in the structures and pore size
distributions of the porous samples. 

Besides, porosity characteristics of porous γ-(Y1-xHox)2Si2O7

could also be revealed through the XRT technology. In Table
7, we can see that, under the condition of similar porosities
(~ 80%), porous γ-Y2Si2O7 and γ-Ho2Si2O7 contain more large
pores than the other three samples. Accordingly, the propor-
tion of small pores and the porosity of the skeleton for
solid solution are higher than those of porous γ-Y2Si2O7 and
γ-Ho2Si2O7. A possible reason for such a phenomenon is that
atomic diffusion in the solid solution is relatively slower and
more difficult than in the pure samples. As a result, there
are more interspaces between the grains of the solid solu-
tion samples. 

On one hand, the room temperature properties need to be
investigated. With the increase in the content of Ho, both
the density and the shrinkage of the porous sample increase
under the condition of similar porosity (Table 8). Neverthe-
less, the compressive strength of the porous ceramic is kept
at a close value (about 12 MPa). Overall, the porous sample
still exhibits good performance at room temperature after
Ho is added. On the other hand, the high-temperature
mechanical properties of the sample are the focus of atten-
tion of this research in order to verify whether the solid
solution is effective in enhancing the high-temperature
strength of porous γ-Y2Si2O7 ceramic. First, porous γ-Ho2-

Si2O7 exhibits very good mechanical properties at high tem-
peratures, compared to porous γ-Y2Si2O7. The strength
retention at 1300°C is 68.6% of that at room temperature,
which is distinctly superior to the 37.5% of the porous γ-
Y2Si2O7 ceramic, as shown in Fig. 33(a). It indicates that the
choice of Ho element is correct. Secondly, for the solid solu-
tion porous sample, the high-temperature strength is sig-
nificantly enhanced after the addition of Ho. In particular,
porous γ-(Y2/3Ho1/3)2Si2O7 ceramic reveals the optimal rein-
forcement effect. The strength retentions are 83.4% and
65.5% (relative to the room temperature value) at 1000°C
and 1300°C, respectively. As a result, the high-temperature
strength of porous γ-Y2Si2O7 ceramic is effectively improved
by the method of solution strengthening with Ho. 

Experiments have revealed that the solid solution
strengthening evidently influences not only the high-tem-
perature strength but also the thermal conductivity. As

Table 8. Comparisons of the Porosity, Density, Shrinkage, and Strength of Porous (Y1-xHox)2Si2O7 Thermal Insulators. Reproduced
with permission from reference43)

Porous ceramic Porosity (%)
Density
(g/cm3)

Shrinkage (%)
Compressive strength 

(MPa)
Specific strength 

(103 Nm/kg)

Y2Si2O7 81.2±0.1 0.76±0.01 4.7±0.1 12.0±1.9 15.7

(Y4/5Ho1/5)2Si2O7 80.9±0.1 0.83±0.01 5.3±0.1 11.0±1.9 13.2

(Y2/3Ho1/3)2Si2O7 79.3±0.2 0.94±0.01 7.2±0.2 13.9±1.1 14.7

(Y1/2Ho1/2)2Si2O7 80.0±0.2 0.98±0.01 7.2±0.1 11.7±2.3 11.9

Ho2Si2O7 78.3±0.1 1.24±0.01 10.2±0.5 11.5±1.0 9.30

Fig. 33. (a) High-temperature compressive strengths and (b)
thermal conductivities of porous (Y1-xHox)2Si2O7 sam-
ples. Reproduced with permission from reference.43)
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shown in Fig. 33(b), the thermal conductivity of porous γ-
Y2Si2O7 is close to that of porous γ-Ho2Si2O7. Surprisingly,
the porous solid solution has a much lower thermal conduc-
tivity than the two single-component samples. This is
because the solid solution sample contains more small pores
(Table 7), which could inhibit heat conduction.75) Besides, as
for the components, the solid solution would result in lattice
distortion and reduce heat conduction through intense pho-
non scattering.63,64) The results suggest that the solid solu-
tion can increase the high-temperature strength and reduce
the thermal conductivity of porous γ-Y2Si2O7 ceramic. There-
fore, porous γ-(Y1-xHox)2Si2O7 solid solution has great poten-
tial as a high-temperature thermal insulation material.

3.2.3. Fiber-reinforced highly porous γ-Y2Si2O7 ceramic
In general, high porosity is of great importance to a ther-

mal insulation material. A higher porosity implies lower
weight and lower thermal conductivity, as previously men-
tioned. Such a thermal insulator would exhibit a better heat
insulation effect. Not only the porous Y2SiO5 ceramic, but
also the porous γ-Y2Si2O7 ceramic requires superhigh poros-
ity. However, based on the Ryshkewitch empirical formula,
the strength of a porous ceramic decreases exponentially
with the increase in the porosity of a sample:79)

σ = σ0 e
–BP (2)

where σ and σ0 are the strengths of the porous and nonpo-
rous bodies of the same material, respectively. P is the
porosity (expressed as a fraction). B is the slope of the ln σ
vs. P curve (its value is about 7). It can be seen that there is
a fundamental contradiction between high porosity and
high strength. Therefore, effective measures should be
taken to improve the strength of a sample with superhigh
porosity. In other words, an outstanding thermal insulation
material can be prepared based on the following two
aspects: high porosity and high strength. The in-situ foam-
gelcasting-freeze drying method and fiber strengthening are
therefore combined to realize both high porosity and high
strength simultaneously. 

In general, the strengthening phase should not react with
the matrix. Wu et al.30) therefore chose YSZ fiber, with low
thermal conductivity and high high-temperature resistance,
to enhance the strength of porous γ-Y2Si2O7 ceramic. From
the XRD pattern shown in Fig. 34, it is observed that the
YSZ fiber stably coexists with the porous γ-Y2Si2O7 matrix,
and no new phase is detected. The as-prepared porous sam-
ples obtained through the in-situ foam-gelcasting-freeze
drying method have very high porosities, 92.7%–93.5%, as
listed in Table 9. The fiber-reinforced porous γ-Y2Si2O7

ceramic has indeed been reinforced in terms of its compres-
sive strength (Table 9). The reasons why the strength is
improved are the fiber is bonded tightly with the porous
matrix, as shown in Fig. 35, and the YSZ fiber enhances the
mechanical properties of the sample through bridging and
crack deflection. 

Interestingly, the addition of YSZ fiber not only increases
the strength of the porous ceramic, but also reduces the
thermal conductivity, as presented in Table 9. It is because
YSZ fiber has a lower intrinsic thermal conductivity (~ 3 W/
(m·K)) than γ-Y2Si2O7 (~ 5 W/(m·K)) at room tempera-
ture,45,108) and there exists an interfacial thermal resistance
between the fiber and the matrix. Moreover, the fiber-rein-
forced porous γ-Y2Si2O7 composite exhibits low density
(0.26–0.32 g/cm3) and low shrinkage (6.6%–9.2%). Thus,
YSZ fiber-reinforced porous γ-Y2Si2O7 ceramic has the mer-
its of being lightweight (density 0.30 g/cm3), a high compres-
sive strength (1.35 MPa), and a low thermal conductivity
(0.090 W/(m·K)), which make it a promising high-tempera-
ture thermal insulation material.

Fig. 34. XRD patterns of YSZ fiber-reinforced porous γ-
Y2Si2O7 ceramics sintered at 1550°C for 2 h and the
starting YSZ fiber (ZrO2-15 wt.% Y2O3). Repro-
duced with permission from reference.30)

Table 9. Shrinkage, Density, Porosity, Strength, and Thermal Conductivity of Porous γ-Y2Si2O7 with Different Contents of YSZ
Fibers. Reproduced with permission from reference.30)

Amount of YSZ fibers 
added (%)

Shrinkage
(%)

Bulk density
 (g/cm3)

Porosity (%)
Compressive strength 

(MPa)
Thermal conductivity 

(W/(m·K))

0 9.2±0.4 0.26±0.01 93.5±0.1 0.99±0.22 0.107

10 7.4±0.3 0.27±0.01 93.5±0.1 1.15±0.13 0.092

20 7.0±0.3 0.30±0.01 92.9±0.1 1.35±0.16 0.090

30 6.6±0.2 0.32±0.01 92.7±0.1 1.36±0.08 0.097

Content of solids: 15 vol.%
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4. Challenges and Future Trends

Owing to the existence of many other types of porous
ceramic materials, porous rare earth silicate ceramics face a
lot of competition and challenges. The features of porous
rare earth silicate ceramics are good high-temperature
resistance, good corrosion resistance, good phase stability,
and low thermal conductivity. What is needed to be increased
is the strength, especially the strength at higher porosities.
However, at the same time, the low strength at high poros-
ity is also a common problem with many other porous mate-
rials. In order to fabricate porous rare earth silicate ceramics
with excellent thermal insulation performance and be used
in large volumes in applications, various measures should
be taken to improve the properties of porous rare earth sili-
cate ceramics. The ultimate aim is to fabricate porous rare
earth silicate thermal insulators that are lightweight and
exhibit high strength, low thermal conductivity, and good

high-temperature resistance.
Above all, in-situ reaction sintering is an effective approach

to obtaining high-strength porous rare earth silicate ceram-
ics, as indicated in this article. At present, only in-situ foam-
gelcasting and in-situ foam-gelcasting-freeze drying are
employed to fabricate porous rare earth silicate ceramics. If
TBA-based freeze casting, TBA-based gel-casting, water-
based freeze casting, and pore-forming agent methods are
combined with in-situ reaction sintering, they offer great
hope that porous rare earth silicate ceramics with novel
pore structures, low densities, and high strengths can be
successfully prepared. The poor mechanical properties
resulted from direct sintering can be attributed to the fact
that there perhaps exists some lattice defects between the
rare earth silicate grains, when ball-milling rare earth sili-
cate powders are used as raw materials. And the inade-
quate sintering would also lead to low strengths. However,
the naturally generated grains, crystal boundaries, and sin-

Fig. 35. SEM images of YSZ fiber-reinforced porous γ-Y2Si2O7 ceramic prepared by in-situ foam-gelcasting-freeze drying method:
(a), (b), and (c) are the large pores, small pores, and grains, respectively, of 0 wt% fiber; (d), (e), and (f) are the corre-
sponding images (f shows the interface between the matrix and YSZ fiber) of 10 wt% fiber; (g), (h), and (i) are the cor-
responding images of 20 wt% fiber; and (j), (k), and (l) are the corresponding images of 30 wt% fiber. Reproduced with
permission from reference.30)
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tering necks are optimal, firm, and tight. Furthermore, in-

situ reaction sintering can not only realize high strengths
but also high porosities, low shrinkages, and low densities.
Hence, utilization of in-situ reaction sintering for the fabri-
cation of porous rare earth silicate ceramics is the general
trend. A point to note is that the freezing speed must be rea-
sonably controlled and delamination of the mixed starting
powders should be necessarily avoided in the freeze casting
techniques. 

Besides, a few other measures can also be taken to
improve the mechanical properties, such as solid strength-
ening, fiber reinforcement, second-phase reinforcement, and
adjusting the pore structure. According to Gibson theory,78)

a porous material with a narrower pore size distribution
would exhibit a higher strength than that with a larger pore
size, for the same porosity. Therefore, the strength of porous
rare earth silicate ceramics can be enhanced based on two
aspects: through components on the atomic scale and
through structure on the macroscopic scale. In other words,
the mechanism of multiscale cooperative regulation can be
utilized to collectively optimize the properties of porous rare
earth silicate ceramics, as shown in Fig. 36. In particular, in
order to simultaneously obtain high strength and superhigh
porosity, the mechanism of multiscale cooperative regula-
tion is of great importance. 

Apart from the strength, it is also necessary to improve
the other properties of porous rare earth silicate ceramics.
An eminent solution is to prepare porous rare earth silicate
composite materials (through the addition of fibers and a
second phase). When the porous ceramic skeleton has good
overall performances, the silica aerogel-impregnated porous
rare earth silicate ceramics can have lower thermal conduc-
tivities as well as higher strengths, compared to non-
impregnated porous samples. SiC powder is sometimes
added to thermal insulation materials to restrain heat radi-
ation and reduce the thermal conductivity. Hence, porous
rare earth silicate ceramics doped with SiC powder possibly
reveal lower high-temperature thermal conductivity and
can also be a good high-temperature thermal protection
material. Furthermore, other preparation methods should
also be employed to fabricate porous rare earth silicate

ceramics. Thus, porous materials with new microstructures
and good properties, including high porosity and low den-
sity, can be obtained. 

5. Conclusions

The attractive properties of typical rare earth silicates, for
example, good high-temperature resistance, good corrosion
resistance, good phase stability, and low thermal conductiv-
ity, have been highlighted, and it has been found that rare
earth silicates are excellent matrix materials for thermal
insulators. The fabrication, microstructure, and properties
of porous rare earth monosilicate ceramics and porous rare
earth disilicate ceramics, as well as those of their compos-
ites, have been reviewed. At present, the preparation meth-
ods used for porous rare earth silicate ceramics are TBA-
based freeze casting, TBA-based gel-casting, water-based
freeze casting, pore-forming agent, polymeric sponge impreg-
nation, in-situ foam-gelcasting, and in-situ foam-gelcasting-
freeze drying. The methods of TBA-based freeze casting,
TBA-based gel-casting, water-based freeze casting, and
pore-forming agent resulted in porous ceramics with narrow
pore size distributions. The porous samples fabricated by
TBA-based freeze casting and water-based freeze casting
have unidirectional pore structures, whereas those fabri-
cated by the other preparation methods show isotropic pore
structures. In-situ foam-gelcasting technique could realize
porous rare earth silicate ceramics having high strengths
and high porosities. On the other hand, in-situ foam-gelcast-
ing-freeze drying could realize isotropous multiple pore
structures with superhigh porosity and extremely low ther-
mal conductivity. The in-situ reaction sintering process
resulted in porous ceramics with lower sintering shrinkage,
lower density, higher porosity, and higher strength than the
porous samples obtained through the direct sintering pro-
cess.

As for the existing porous rare earth silicate ceramics and
their composites, these include porous Y2SiO5 ceramic,
porous Yb2SiO5 ceramic, porous γ-Y2Si2O7 ceramic, porous γ-
(Y1-xHox)2Si2O7 solid solution, silica aerogel-impregnated
porous Y2SiO5 ceramic, ZrO2 fiber-reinforced porous Y2SiO5

Fig. 36. Schematic diagram of multiscale property regulation strategy.
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ceramic, and YSZ fiber-reinforced highly porous γ-Y2Si2O7

ceramic. Broadly speaking, porous rare earth silicate ceram-
ics and their composites have the merits of good corrosion
resistance, good phase stability, good thermal stability,
being lightweight, low thermal conductivity, high porosity,
and high strength at both room and high temperatures. In
conclusion, porous rare earth silicate ceramics and their
composites are excellent potential materials for high-tem-
perature thermal insulators.
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