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Abstract

Porous Y2SiO5 ceramics with relative high compressive strength (as high as 24.45 MPa) and ultra-low thermal conductivity (�0.08 W/

m K) were successfully fabricated by a tert-butyl alcohol based gel-casting method. The formation mechanism of the 3D interconnected

pores and the properties of the green body are discussed. The porosity, pore size, compressive strength and thermal conductivity could be

controlled by varying the initial solid loading and the sintering temperature. When regulating the initial solid loading (from 20 to 50 wt%)

and sintering temperature (from 1200 to 1500 1C), the porosity can be controlled between 47.74% and 73.93%, and the compressive

strength and the thermal conductivity of porous Y2SiO5 ceramics varied from 3.34 to 24.45 MPa and from 0.08 to 0.55 W/m K,

respectively. It should be noted that the porous Y2SiO5 ceramics with 30 wt% solid loading and sintering at 1400 1C had an open porosity

of 61.80%, a pore size of 2.24 mm, a low room-temperature thermal conductivity of 0.17 W/m K and a relatively high compressive

strength of 13.91 MPa, which make this porous Y2SiO5 ceramics suitable for applications in high-temperature thermal insulators.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Yttrium silicate (Y2SiO5) ceramic is an interesting struc-
tural material [1] and a number of published works have
focused on its coating applications [2–8], which is mainly
due to its two important features. Firstly, the thermal
expansion coefficient of Y2SiO5 ((8.3670.5)�
10�6 K�1) matches well with those of most non-oxide
ceramics [9,10]. Secondly, the low evaporation rate of
Y2SiO5 along with its low oxygen permeability constant at
temperature up to 1900 1C endows this ceramic with
excellent oxidation resistance [11]. Recently, Sun et al.
[11–13] have prepared single-phase Y2SiO5 by a solid–
liquid reaction method at a relatively low temperature
(1500 1C) with a short holding time (2 h) by introducing a
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LiYO2 additive and investigated the mechanical and ther-
mal properties of Y2SiO5 ceramics. It was found that the
thermal conductivity of Y2SiO5 (1.86 and 1.29 W/m K at
300 K and 1400 K, respectively) was much lower than that
of most commonly used thermal barrier coating materials
(such as YSZ, La2Zr2O7, etc.), which makes it very
competitive as a thermal insulation material.
Porous ceramics have been of considerable interest and

technical importance due to their extensive applications,
including supports for catalysts, artificial bones, filters,
chemical sensors and light-weight thermal insulation parts
[14–18]. The advantages of using porous ceramics are usually
high porosity, large surface area, low density and low
thermal conductivity which can be tailored by controlling
the microstructure of pores according to specific applications
[19–22]. A number of processing techniques for the produc-
tion of porous ceramics have been developed, including
replica, sacrificial template, direct foaming, freeze casting
and water-based gel-casting [23–26]. As a new method, the
rved.
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TBA-based gel-casting process is a recently developed method
for fabrication of porous ceramics [27]. Porous ceramics with
ultra-high porosity could be achieved by use of the ultra-low
solid loading of slurries in this method. This is owing to the
high saturation vapor pressure and low surface tension force
of tert-butyl alcohol (TBA). Compared with water, TBA can
evaporate easily under relatively low temperatures (40 1C).
Furthermore, the properties of porous ceramics produced by
this technique could be adjusted directly by changing the solid
loading in the slurry and the sintering temperature [28,29].
The most important features of porous ceramics fabricated by
this method are the uniformly distributed pores and unique
3D-framework structures [14,30–32]. As a potential thermal
insulation material, however, there is no experimental data in
literature for the preparation of porous Y2SiO5 ceramics by
this method.

As the single-phase Y2SiO5 powder is not commercially
available, the single-phase Y2SiO5 should be prepared in
advance. The main aim of the present work was to explore
the application of the TBA-based gel-casting method to
prepare highly porous Y2SiO5 ceramics with relative high
compressive strength and ultra-low thermal conductivity.
The effects of initial solid loading and sintering tempera-
ture on the microstructure and properties of green bodies
and final sintered Y2SiO5 ceramics were investigated. The
results obtained in this paper are beneficial to the promo-
tion of the porous Y2SiO5 material as a candidate for high-
temperature and light-weight insulators.
2. Experimental procedure

2.1. Raw materials

Y2O3 powder (Changsha Deli Rare earth Chemical Co.,
Ltd., China) and SiO2 powder (Zhejiang Tongda Weipeng
Electric Co., Ltd., China) were used as the starting materials.
Fig. 1. Technological process scheme for the preparation of Y2SiO5 powder b

based gel-casting.
Tert-butyl alcohol (TBA) was used as the shaping solvent and
pore forming agent in the gel casting process. A premix
solution was prepared in TBA with the monomer (acrylamide,
AM, C2H3CONH2) and the cross linker (N,N-methylenebisa-
crylamide, MBAM, (C2H3CONH)2 �CH2). Ammonium per-
sulfate (APS) and N,N,N,N-tetramethylethylenediamine
(TEMED) were selected as the initiator and catalyst for
gelation reaction, respectively. Citric acid was used as the
dispersant (1 wt% of the Y2SiO5 powder) to form stable
Y2SiO5 suspensions in TBA. All chemicals used in this study
were of analytical (AR) grade.
2.2. Fabrication procedure

Fig. 1 shows a detailed process scheme for the prepara-
tion of Y2SiO5 powder by the solid–liquid reaction method
and porous Y2SiO5 ceramics by TBA-based gel-casting.
The Y2O3 and SiO2 powders (molar ratio 1:1) were
calcined at different temperatures (1400, 1450, and
1500 1C) for 2 h to find the appropriate temperature to
synthesize single-phase Y2SiO5. The Y2SiO5 powder was
ground in ethanol for 10 h to break up agglomerates and
reduce the particle size.
For the present study, the weight ratio was AM:MBAM:

TBA¼12:1:50. Slurries with different solid loadings (20,
30, 40 and 50 wt%) were prepared by ball milling the
Y2SiO5 powder in the premix solution for 4 h. The
prepared slurries were found to be stable and had good
flow ability for casting. Then, appropriate amounts of
initiator and catalyst solutions were added into the
suspension to induce polymerization of the monomers.
The slurries were immediately poured into polyethylene
molds and placed in an oven at 40 1C. The green bodies
were removed from the molds and dried at a temperature
of 40 1C for 12 h. Finally, the dried samples were sintered
at different temperatures from 1200 to 1500 1C for 2 h. The
y the solid–liquid reaction method and porous Y2SiO5 ceramics by TBA-



Fig. 2. XRD patterns of Y2SiO5 powder synthesized at different tempera-

tures for 2 h in air: (a) Standard pattern of Y2SiO5; (b) 1400 1C; (c) 1450 1C;

(d) 1500 1C.

Fig. 3. SEM micrograph of Y2SiO5 powder.
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sintering regime entailed heating the samples at 2 1C/min
up to 600 1C followed by 1 h of holding time, and then
heated at 5 1C/min up to the final sintering temperature.

2.3. Characterization

The synthesized Y2SiO5 powder was characterized by
XRD (CuKa radiation, D/Max-2500 Rigaku, Japan) from
101 to 601 with a scanning speed of 2 1/min. Open
porosities and densities of the sintered samples were
determined by the water-immersion technique using the
Archimedes method. The density of dried green bodies was
calculated from the mass and dimension of samples. The
compressive strength was measured by a universal testing
machine (XWW, Beijing Shengxin detecting instrument,
China) with a crosshead speed of 0.5 mm/min. The green
samples were cylindrical, 10–12 mm in diameter and
20 mm in height, and the dimensions of sintered specimens
were according to the different shrinkages. The linear
shrinkage of samples during drying and sintering processes
was determined by the following equation: shrinka-
ge¼ [(la� lb)/la]� 100%, where la and lb are the diameter
of initial samples and dried or sintered samples, respec-
tively. Thermal conductivity at room temperature was
measured by the thermal-conductivity instrument (C-
3000, Xian Xiaxi Electric Co., Ltd., China). The dimen-
sions of measured samples were 30 mm diameter and 5 mm
height. Each value represented an average of five measure-
ments of five different specimens. Micrographs of the
fracture surface of sintered samples were observed with a
scanning electron microscope (S-4800, Hitachi Ltd.,
Japan). The pore size distribution was measured by an
automatic mercury injection apparatus (IV9500, Micro-
meritics Instrument Corporation, USA).

3. Result and discussion

3.1. Characterization of synthesized Y2SiO5 powder

XRD patterns of the synthesized Y2SiO5 powder cal-
cined at different temperatures varying from 1400 to
1500 1C are illustrated in Fig. 2. After calcining at
1400 1C for 2 h [Fig. 2(b)], all characteristic peaks corre-
sponding to Y2SiO5 (JCPDS card # 36-1476) were con-
firmed to be present, accompanied by a large amount of
Y2O3 and SiO2. This result demonstrated that the reaction
between yttrium and silica was insufficient. The content of
Y2O3 decreased when the temperature increased to 1450 1C
[Fig. 2(b)]. Furthermore, the XRD results [Fig. 2(c)]
indicated that the powder calcined at 1500 1C was pure
single-phase Y2SiO5 which is consistent with the standard
patterns of Y2SiO5 [Fig. 2(a)]. Therefore, the Y2SiO5

powder synthesized at 1500 1C for 2 h was used to prepare
the porous ceramics. The single-phase Y2SiO5 powder after
grinding in ethanol had an average particle size of 1.91 mm
and a narrow particle size distribution. Fig. 3 shows a
SEM micrograph of the Y2SiO5 powder for preparing
Y2SiO5 slurries. It can be clearly seen that the diameter of
the particles is 1–2 mm and the shape is approximately
spherical.

3.2. Properties of the green bodies with different solid

loadings

The pore forming schematic diagram of porous Y2SiO5

ceramics by TBA-based gel-casting is shown in Fig. 4.
After adding appropriate amounts of initiator and catalyst
solution into the stable Y2SiO5 slurry [Fig. 4(a)], the
polymerization of AM occurred in several minutes. The



Fig. 4. Pore forming schematic diagram of porous Y2SiO5 ceramics by TBA-based gel-casting.

Fig. 5. Properties of green bodies with different solid loadings varying

from 20 wt% to 50 wt%.
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formed strong macromolecular gel network trapped
Y2SiO5 particles in its branches, and the green body was
obtained without any shrinkage [Fig. 4(b)]. Then most of
the TBA vaporized from the Y2SiO5 ceramics bodies,
leaving many pores during the drying process at 40 1C.
The pores connected with each other and distributed
homogeneously throughout the dried body. Meanwhile,
the particles would approach each other to support the
structure, thus leading to a small shrinkage of green bodies
[Fig. 4(c)]. After sintering, the polymer and residual TBA
were removed completely and the Y2SiO5 particles inter-
connected with each other, forming a loose skeleton
structure [Fig. 4(d)]. The linear shrinkage of the specimens
after drying was around 1.52–10.67%, which was mainly
due to the ultra-low solid loading. And the linear shrink-
age of samples would decrease as the solid loading
increased. In addition, there were no obvious cracks
observed on the surface of green bodies. Fig. 5 shows the
properties of green bodies with different solid loadings
varying from 20 to 50 wt%. It was observed that after
drying, the bulk density (1.02–2.20 g/cm3) of all the green
bodies was far less than the theoretical density of Y2SiO5

(4.44 g/cm3). What is more, Fig. 6(a) reveals the typical
porous microstructure of the green body with 30 wt% solid
loading after evaporation of TBA. It indicates that the
pores originating from the evaporation of TBA were
retained in the dried samples. Though a lower solid
loading would result in a higher porosity, it should be
noted that it is not appropriate to decrease the solid
loading to lower than 20 wt% in this work. If the solid
loading was lower than 20 wt%, the particles could not
connect with each other to support the framework after the
organics were burned out. After polymerization, the
strength of the green bodies was greatly improved. Even
if the solid loading was as low as 20 wt%, the compression
strength was as high as 4.51 MPa, which was strong
enough to hand and machine the production before
sintering. In the meantime, with increasing solid loading,
the compressive strength increased from 4.51 to
25.39 MPa. It can be clearly seen from Fig. 6(b) that the
suspended Y2SiO5 particles formed agglomerations with
dimensions of about 1 mm and were locked by polyacryla-
mide, creating a rigid 3D skeleton structure, which was
responsible for the high compressive strength of green
bodies.

3.3. Effect of sintering temperature on sintered samples

The effects of sintering temperature on porosity and
bulk density were investigated and the results are shown in
Fig. 7. The evolution of microstructure of samples with
30 wt% solid loading during sintering is shown in
Fig. 8(a)–(d). It can be concluded that with a given solid
loading (30 wt%), the sintering temperature significantly
affected the changes of porosity and pore size. As the
sintering temperature increased from 1200 to 1500 1C, the
porosity of porous Y2SiO5 ceramics with 30 wt% solid
loading decreased from 67.09% to 58.31%, while the bulk
density increased accordingly from 0.99 to 1.32 g/cm3.
Fig. 9(a, b) shows the pore size distribution and cumulative
pore volume of the samples sintered at different sintering
temperatures. After sintering, all samples presented a
single peak with narrow half-peak width (from 0.5 to
3 mm), suggesting a uniform pore size distribution. It was
noticed that the mean pore size generally decreased from
2.90 to 2.17 mm with increasing sintering temperature from
1200 to 1500 1C [Fig. 9(a)]. The total cumulative volume



Fig. 6. (a) Microstructure of green body from slurry with 30 wt% solid loading; (b) typical connections of Y2SiO5 particles in green bodies.

Fig. 7. Variation of bulk density (a) and porosity (b) of porous Y2SiO5 ceramics with sintering temperature and solid loading.
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generally decreased with increasing temperature, which is
consistent with the porosity–temperature dependence
[Fig. 7(a)]. Moreover, the cumulative volume of open pores
in the sample sintered at 1500 1C increased more steeply than
that of the sample sintering at 1200 1C. This suggests that,
with increasing sintering temperature, the smaller pores (from
0.5 to 1 mm) were eliminated, resulting in a somewhat
narrower pore size distribution. It should be noted that the
linear shrinkage of samples with 30 wt% solid loading
increased from 9.69% to 18.85% as the sintering temperature
increased from 1200 to 1500 1C. The shrinkage after sintering
was mainly caused by the transition of agglomerations to large
crystal grains and then the connection of crystal grains at the
neck [Fig. 8(f)]. It can be concluded from Fig. 8(e, f) that the
most important characteristics of porous Y2SiO5 ceramics by
this method are the uniform distributed interconnected pore
structure and typical 3D framework.

Fig. 10 shows the effect of sintering temperatures on the
compressive strength and room-temperature thermal con-
ductivity. It demonstrated that the compressive strength
increased from 3.34 to 16.51 MPa when the sintering
temperature increased from 1200 to 1500 1C. It can be
observed that the particles of the sample sintered at
1200 1C were loosely lapped with each other with few
connections, which resulted in a lower compressive
strength (3.34 MPa). When the temperature further
increased, adjacent particles interconnected, forming a
strong neck, finally leading to the increase of the compres-
sive strength. Highly porous ceramics fabricated by con-
ventional methods often contain defects, such as cracking
and surface flaws [28]. These defects in the cell structure
would significantly reduce the strength of porous ceramics.
However, there were no noticeable defects and cracks in
the samples prepared by TBA-based gel-casting [Fig. 8(e)],
which indicated that the sintering process did not cause
any destruction of the pore structure. This might be
another important reason for the high compressive
strength. It can be seen from Fig. 10 that all the samples
had low thermal conductivities from 0.13 to 0.20 W/m K,
which were much lower than that of fully dense Y2SiO5

ceramics (�1.86 W/m K). This was mainly attributed to
the unique 3D interconnected pore structures within the
porous Y2SiO5 ceramics. Firstly, the large number of air-
filled pores prevented the heat transfer along the direction
of thickness because the thermal conductivity of air
(0.026 W/m K) was much lower than that of Y2SiO5.
Secondly, the interconnected pores in the matrix made
the ceramics grains not necessarily continuous or dis-
persed, blocking the heat conducting pathways.

3.4. Effect of solid loading on sintered samples

It was noted that the microstructure and properties of
porous Y2SiO5 ceramics were also significantly influenced



Fig. 8. Details of 3D-interconnection of pores in the samples with 30 wt% solid loading sintering at different temperatures: (a) 1200 1C; (b) 1300 1C;

(c) 1400 1C; (d) 1500 1C; (e) connected pore structure; (f) typical 3D-framework.

Fig. 9. Pore size distribution (a) and cumulative pore volume (b) of the porous Y2SiO5 ceramics with 30 wt% solid loading sintered at different sintering

temperatures.
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by the initial solid loading. As can be detected from the Fig.7,
when the solid loading increased, the porosity was found to
decrease sharply. By setting the sintering temperature as 1400
1C, the porosity reduced from 66.70% to 50.01% and the
bulk density increased from 1.00 to 1.84 g/cm3 by increasing
the solid loading from 20 to 50 wt%. Fig.11 shows the pore
structures after sintering at 1400 1C with different solid
loadings varying from 20 to 50 wt%. It can be observed that
the interconnected pores were homogeneously dispersed in
the Y2SiO5 matrix and the adjacent particles interconnected,
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forming a strong skeleton. With increasing solid loading,
there would be more Y2SiO5 particles to take over the space
of TBA solvent, resulting in an increase in bulk density and a
decrease in porosity. The main properties i.e., compressive
strength and room-temperature conductivity of porous
Y2SiO5 ceramics sintered at 1400 1C with different solid
loadings are illustrated in Fig. 12. As the initial solid loading
increased, the compressive strength and the room-tempera-
ture conductivity increased from 3.43 to 24.45 MPa and from
0.08 to 0.55 W/m K, respectively. By adjusting the initial
solid loading and sintering temperature, light weight Y2SiO5

ceramics with controlled microstructures and properties were
prepared. It should be noted that the porous Y2SiO5 ceramics
with 30 wt% solid loading and sintering at 1400 1C had an
Fig. 10. Influence of sintering temperature (30 wt% solid loading) on

compressive strength and room-temperature conductivity.

Fig. 11. Structure of pores in the porous Y2SiO5 samples sintering at 1400 1

50 wt%.
open porosity of 61.80%, a pore size of 2.24 mm, a low room-
temperature thermal conductivity of 0.17 W/m K and a
relative high compressive strength of 13.91 MPa, which
makes this Y2SiO5 suitable for applications in thermal
insulators.

4. Conclusion

Pure single-phase Y2SiO5 powder was prepared by
calcining the Y2O3 and spherical SiO2 powder mixtures
at 1500 1C for 2 h without any additives. Highly porous
Y2SiO5 ceramics with homogeneous 3D interconnected
pore structures (with a pore size of 2�3 mm) were prepared
by the novel TBA-based gel-casting. The formation
C with different solid loadings: (a) 20 wt%; (b) 30 wt%; (c) 40 wt%; (d)

Fig. 12. Properties of porous Y2SiO5 ceramics sintered at 1400 1C with

different solid loadings.
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mechanism of special pore structure and the properties of
the green body were discussed.

It is indicated that the properties of sintered porous
Y2SiO5 ceramics were significantly influenced by the initial
solid loadings and sintering temperatures. As the tempera-
ture increased from 1200 to 1500 1C the porosity and the
pore size (for 30 wt% solid loading) decreased from
67.09% to 58.31% and from 2.90 to 2.17 mm, respectively.
Correspondingly, the compressive strength increased from
3.43 to 24.45 MPa. As the solid loading increased from 20
to 50 wt%, the porosity(for 1400 1C) decreased from
66.70% to 50.01%, while the thermal conductivity
increased from 0.08 to 0.55 W/m K, respectively.

It can be concluded that the porous Y2SiO5 ceramics
fabricated by TBA-based gel-casting had a low thermal
conductivity and relatively high compressive strength, indicat-
ing its applications in the high-temperature thermal insulators.
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