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Abstract

Inspired by nest structure, highly porous fibrous yttria-stabilized zirconia (YSZ) ceramics were fabricated through tert-butyl alcohol (TBA)-based
gel-casting process and pressureless sintering by using YSZ fibers as raw material and adding K,SO, as removable sintering aid. Different sintering
temperature and soaking time were investigated to achieve optimal thermal and mechanical properties. The results show that all specimens consist
of crystallized t-YSZ phase. Fibers interconnect with good interfacial bonding on junctions. Under higher sintering temperature, porosity drops
gradually while compressive strength increases significantly. With prolonged soaking time, there is no obvious change in porosity and compressive
strength increases gradually. All specimens have uniformly distributed pores with average size of 30.2 wm and show good structural stability
at high temperature. Ultra-low thermal conductivity is achieved and ductile fracture mode with high elongation makes it more applicable in

high-temperature thermal insulating applications.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous YSZ ceramics are potential candidates in thermal
insulating applications due to their low density, low ther-
mal conductivity and high temperature resistance.'™ Many
approaches have been developed to fabricate porous ceramics,
including direct foaming,% template method®® and gel-casting
method.'%12 To further improve the insulating properties, ultra-
high porosity and ultra-low thermal conductivity are desired but
they are very difficult to achieve especially for porous YSZ
ceramics. Nait-Ali et al.'> used latex as pore former to pre-
pare porous zirconia ceramics with thermal conductivity ranged
from 0.13 to 0.55Wm~' K~!. Hu et al.' fabricated porous
YSZ ceramics by TBA-based gel-casting method with poros-
ity ranged from 75.9% to 51.5% and thermal conductivity
ranged from 0.06 to 0.42W m~! K~!, but the structure is very
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sensitive to sintering temperature and insulating properties drop
with increasing temperature.

Bird’s nests are naturally designed structures with both low
density and high strength. Branches serve as the components
and the structure and properties are critical with the joint bond-
ing between branches. Inspired by this, we proposed to fabricate
highly porous ceramics using fibers as the raw material. Here,
fibers serve as the components of our desired structure analogi-
cally. This fibrous nest-like structure can be obtained by jointing
together of fibers through adhering of cements or diffusion bond-
ing. Former approaches used cement adhesion technology,'>'°
but they are unusable at high temperature because of the low
melting point of the cement. Therefore, methods to modify are of
great urgency to achieve high temperature applications. Molten
salt method provides a good approach, in which molten salt
offers a unique liquid circumstance for diffusion binding of fiber
contact junctions at a proper temperature.

Molten salt method has a long history and has been
widely used in metallurgy, electrochemistry, nuclear and energy
technology,!”-!8 providing a unique liquid circumstance for
catalysis, reactions, heat and mass transfer.'® In this paper, we
combined molten salt method with porous ceramics processing
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Fig. 1. Microstructure of the specimens with different salt addition, NaCl (a), NaySiO4 (b) and K2SOy4 (c) sintered at 1600 °C for 2 h.

and developed a novel approach to fabricate highly porous
(>85%) fibrous YSZ ceramics with ultra-low thermal con-
ductivity (~0.02Wm~!K~!, lowest ever reported) through
TBA-based gel-casting method and pressureless sintering by
using YSZ fibers as the raw material and adding K>SOy as
removable sintering aid. Here, K»SO4 provides a liquid phase
above its melting point (1067 °C) at the junctions of YSZ fibers,
which promotes the diffusion mass transfer and bonding the YSZ
fibers together, while K»SO4 will be cleared away by evaporation
holding at a higher temperature. Different sintering temperature
and soaking time were investigated to achieve optimal porous
structure as well as improved thermal and mechanical properties.

2. Experiment procedure
2.1. Materials

Commercially available YSZ fiber (ZrO;-9 mol%, Shan-
dong High Temperature Fiber Technology Co., Ltd., Hong
Zuicho, Shandong, China) was used as the raw material.
The YSZ fiber has a smooth surface with a diameter varied
from 1 to 10 pm. K»SO4 was used as removable sintering
aid. Tert-butyl alcohol (TBA, chemical purity, Beijing Yili
Chemical Co., Beijing, China) was used as solvent in gel-
casting process. BYK163 (BYK-Chemie GmbH, Germany)
was used as dispersant. A premix solution of monomers and
cross linkers was prepared in TBA with a concentration of
14.5wt% of acrylamide (AM, C;H3CONH;) and 0.5 wt%
N,N’-methylenebisacrylamide (MBAM, (C;H3;CONH),CH>).
Initiator and catalyst for gelation reaction were ammonium

persulfate (APS) and N,N,N,N-tetramethylethylenediamine
(TEMED), respectively. All chemicals used in this study are
AR grade.

2.2. Fabrication

The TBA-based gel-casting method typically consists of
preparing a liquid suspension (slurry), molding, drying, binder
removal, and sintering. 24 g YSZ fiber, 10 g K»SO4,4 gBYK163
were added to 76 mL premixed solution to prepare the slurry by
ball milling for 30 min with the rate of 250 r/min. After ball
milling and deairing, initiator was mixed into the slurry. The
slurry was poured into molds and dried at 50 °C in air. Dur-
ing the drying procedure, the polymerization of AM occurred
and TBA gradually volatilized. Green bodies were produced and
then sintered at different temperature.

2.3. Characterization

Microstructure was observed using scanning electron micro-
scope (SEM, JSM 6700F, JEOL, Tokyo, Japan). Phase
composition was analyzed by X-ray diffraction (SHIMAZU
S-7000). Pore size distribution was analyzed by the mercury
intrusion method (Auto Pore IV 9510). The density and poros-
ity were measured on sintered specimens using the Archimedes
method with theoretical density of 6.29 g/cm? for the dense YSZ
fiber. Compressive strength was measured on CSS-2220 test
machine with a crosshead loading speed of 0.5 mm/min. Room
temperature thermal conductivity was measured by the Thermal
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Fig. 2. XRD patterns of the specimens with K, SO4 addition sintered at different
temperature with soaking time of 2 h.

Transport Option (TTO) of Physical Properties Measurement
System (PPMS, Model 6000, Quantum Design, United States).

3. Results and discussion

The sintering mechanism with K>SOy as removable sinter-
ing aid is as follows. After drying the gel-cast green bodies
and subsequent binder removal, there were only YSZ fibers and
K;,SOy4 particles in the specimen. When sintering temperature
exceeded the melting point of K»SO4 (1067 °C), K»SO4 turned
into liquid state. Former researches have already shown that the

existence of active liquid phase can accelerate mass transfer and
thus the whole sintering process.”*?! Lisinska-Czekaj et al.?>
reported that small amount of molten salt (NaCl) facilitated
solid phase reaction of BisNbTiOg and lowered the sintering
temperature for about 100 °C. In our work, molten K>SOy accel-
erated diffusion mass transfer between fibers. YSZ transferred
to the joints automatically and bonded YSZ fibers together.
K>SO, gradually evaporated and then sintered specimens were
obtained. In comparison, YSZ fibers without K,SO4 addition
cannot be effectively sintered (cracks and almost no mechanical
strength).

In order to choose an appropriate sintering aid, three kinds of
salts, NaCl, Na;SiO4 and K,SO4, were investigated. Fig. 1(a)
shows the details of the morphology of specimens with NaCl
addition. Only weak combination can be observed at the joints
of YSZ fibers and the mechanical strength of fibrous YSZ ceram-
ics is very low. This is due to the relatively low melting point of
NaCl (801 °C) and thus insufficient mass transfer. However, the
obtained porosity can be very high (>92%). Microstructure of
specimens with NaySiO4 addition is shown in Fig. 1(b). As can
be seen, the fiber structure has been destroyed and large amount
of Na;SiO4 remains in the sintered specimens. Thus Na;SiO4
is not a proper choice. Fig. 1(c) is the SEM image of specimens
with K>SOy addition. It can be observed that fibers interconnect
with each other and grains on the fiber grow up. Good inter-
facial bonding is shown on junctions as well. Furthermore, the
surface topography of fibers and YSZ particles on the junctions
confirm the enhanced diffusion mass transfer with the existence
of molten K,SO4. Therefore, K»SO; is the appropriate choice
for molten salt method to prepare porous YSZ ceramics.

Fig. 3. SEM images of the specimens with K,SO4 addition sintered at different temperature, 1500 °C (a), 1550 °C (b), 1600 °C (c), and 1650 °C (d) (arrays in red
boxes show the residue of K»SO4) with soaking time of 2 h. (For interpretation of the references to color in figure legend, the reader is referred to the web version

of the article.)
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Fig. 4. Variation of porosity and compressive strength of fibrous YSZ ceramics
at different sintering temperature with soaking time of 2 h.

XRD patterns of fibrous YSZ ceramics sintered at differ-
ent temperature are shown in Fig. 2 with the soaking time of
2 h. The peaks of XRD patterns are very sharp, which indicates
good crystallinity. All patterns are well indexed to t-YSZ and
no K>SOy phase can be observed. It means that the content of
K>SOy is below the detection limit. (Generally, XRD detection
isinsensitive to content below 5%.) Fig. 3 shows the details of the
morphology of specimens with different sintering temperature.
As can be seen, they are typical fibrous structures. K»SO4 can
still be found in SEM images at sintering temperature of 1500 °C
and 1550 °C (shown in Fig. 2(a) and (b)) but the amount is min-
imal. With higher temperature, no K»SO4 can be found in SEM
images.

Fig. 4 shows the variation of porosity and compressive
strength with different sintering temperature (also shown in
Table 1). Higher temperature contributes to densification dur-
ing sintering process. Therefore, porosity decreases gradually
while compressive strength significantly increases with increas-
ing sintering temperature. At 1650 °C, the compressive strength
increases to 0.66 MPa and we propose that the mechanical
strength can be improved with higher sintering temperature;
however, no further research is executed due to the limitation
of the equipment.

Fig. 5 gives the results of porosity and compressive strength
with different soaking time sintered at 1600 °C (also shown in
Table 1). When soaking time is extended, there is no significant
change on porosity and compressive strength increases gradu-
ally, which indicates good stability of structure and properties at

Table 1
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Fig. 5. Variation of porosity and compressive strength of fibrous YSZ ceramics
sintered at 1600 °C with different soaking time.

high temperature. It is noticed that with higher sintering temper-
ature and prolonged soaking time, there is only small variation
on porosity yet the compressive strength is improved. We believe
that connections on the joints are the weak parts of the structure
and the strength can be further improved with modified joint
bonding. During the above process, densification on the joints
occurs. It results in better interfacial bonding, which accounts
for the increasing strength.
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Fig. 6. Pore size distribution of fibrous YSZ ceramics with different sintering
temperature and soaking time.

Properties of fibrous YSZ ceramics with different sintering temperature and soaking time.

Sintering temperature (°C)  Soaking time (h) Apparent density (g cm™3) Porosity (%) Compressive strength (MPa) Thermal conductivity (W m~' K1)
1500 2 0.63 + 0.02 90.0 + 0.3 0.34 £ 0.11 -
1550 2 0.73 £+ 0.01 88.5+0.2 039 +£0.03 0.018
2 0.76 £+ 0.01 87.9 £ 0.1 0.45 + 0.17 0.020
4 0.73 + 0.01 88.5+0.2 045+ 0.03 0.020
1600 8 0.76 + 0.03 879+ 03  0.53 % 0.10 0.027
16 0.74 + 0.02 882+ 0.2 0.56 £ 0.08 -
1650 2 0.84 86.6 0.66 -
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Fig. 7. Compressive strain-stress curve of the specimens sintered at 1650 °C
with soaking time of 2 h.

Pore size distributions of specimens with different sintering
temperature and soaking time are shown in Fig. 6. Each curve
presents a single peak with a narrow width, signifying uniform
pore size distributions. All curves show a peak at 30.2 wm, which
means that the microstructure is insensitive to sintering temper-
ature and soaking time and indicates good structure stability at
high temperature as well.

Typical compressive stress—strain curve of fibrous YSZ
ceramics is shown in Fig. 7. Unlike typical brittle fracture mode
of ceramics, the fracture mode is a representative ductile one.
Compressive stress firstly increases with increasing strain and
then shows a very long terrace. Up to 18% strain, there is no
declining trend on compressive stress, which indicates large
damage tolerance and good reliability in applications. This is
because fibers interconnect with each other and share large
numbers of joints. Loading force can be transferred and rear-
ranged through fibers and therefore fibrous structure can bear
large deflection. Other specimens all have similar compressive
stress—strain curves and thus their curves are no shown here
for brevity. The stress on the terrace is chosen as compressive
strength of the porous YSZ ceramics.

Thermal conductivity data of fibrous YSZ ceramics
are shown in Table 1. Ultra-low thermal conductivity
(~0.O20Wm_1 K1, lowest ever reported) is achieved,
which is even lower than the thermal conductivity of air
(0.026 Wm~!K~!). This is due to the high porosity and
uniformly distributed small pores. Moreover, compared with
normal porous ceramics, fibrous structure has longer heat trans-
fer path and thermal resistance on the joint is very large, which
enhances photon scatting of the lattice. All these factors con-
tribute to the low thermal conductivity of our specimens. It is
noticed that the thermal conductivity of fibrous YSZ ceramics
is comparable to silica aerogel yet the structure can maintain
stable at higher temperature. Therefore, fibrous YSZ ceramics
fabricated in this work show significant advantages in thermal
insulating applications at high temperature. Furthermore, fibrous
YSZ ceramics can serve as the framework of silica aerogel to
improve its mechanical properties, while remaining the ultra-low
thermal conductivity.

4. Conclusion

A novel way was developed to fabricate highly porous
fibrous YSZ ceramics through TBA-based gel-casting and
pressureless sintering by using YSZ fibers as the raw
material and adding K>SO4 as removable sintering aid. Poros-
ity can be adjusted in the range of 86.6-90.0% with a
mean pore size of 30.2 wm. Ultra-low thermal conductivity
(0.018-0.027 W m~! K—1) was achieved with a relatively high
mechanical strength (0.34-0.66 MPa). Different sintering tem-
perature and soaking time were studied, showing the excellent
high-temperature stability of structure and properties, which
indicated their good application performance. The ductile frac-
ture mode of fibrous YSZ ceramics with high elongations
improved the reliability in applications as well.
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