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Abstract

Porous yttria-stabilized zirconia (YSZ) ceramics with unidirectionally aligned pore channels were prepared by freezing YSZ/tert-butyl alcohol
(TBA) slurry under different freezing temperatures of —30, —78 and —196 °C, respectively. After removing the frozen TBA via freeze-drying
in vacuum at —50°C, the green samples were sintered at 1450 °C for 2 h in air. The results showed that the freezing temperature significantly
influenced microstructure and properties of the porous YSZ ceramics. Both microstructure observation and pore size distribution indicated that the
pore channel size decreased significantly with decreasing freezing temperature, regardless of microstructure variations in the individual sample.
Both porosity and room-temperature thermal conductivity of the porous YSZ ceramics varied under different freezing temperatures. Regardless of
microstructure variations in the samples under different freezing temperatures, all samples had unidirectional pore channels with increasing pore
channel size along the freezing direction. The fabricated samples had remarkably low thermal conductivities both in directions perpendicular and

parallel to the channel direction, thus rendering them suitable for applications in thermal insulations.

© 2010 Elsevier Ltd. All rights reserved.
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1. Introduction

Porous ceramics is a field of intense research for their wide
applications in catalyst carrier, ceramic filter, sensor, porous
electrode, biomaterials, thermal barrier, and so on.!*? Various
fabrication methods of porous ceramics have been performed,
including the pore-foaming technique, infiltration of ceramic sol
into template structures, gel-casting, slip-casting, starch consol-
idation, microwave processing, electrophoretic deposition, and
freeze casting.>® As a novel method, freeze casting has many
advantages, including a small processing shrinkage, controllable
and wide porosity range, high strength, and so forth.!%-1% Fuka-
sawa et al.!%!3 applied freeze casting to fabricate porous alumina
and silicon nitride ceramics with unidirectionally aligned pore
channels. Deville et al.!” fabricated hydroxyapatite ceramics
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with lamellar and cellar pores, and the as-prepared porous
ceramics exhibited high compressive strength.

The unidirectional solidification of freezing vehicles in the
ceramic slurry, under a certain freezing temperature, forms a
channeled structure and pushes the ceramic particles into spaces
between adjacent frozen channels. After freeze-drying, a porous
ceramic structure remains with pores in the size and shape of
the prior ice prism. The control of pore structure would be very
important because of its relation to properties. Many factors,
including the composition and solid loading of slurry as well
as sintering conditions, influence the microstructure and prop-
erties of porous ceramics fabricated by the freeze casting. For
example, Han et al.!> adopted a camphene-based freeze casting
method to fabricate ceramics with aligned, equiaxed pores, in
which the pore volume fraction, channel size and pore shape
were controlled by varying freezing temperature, solid content
and sintering condition. Yoon et al.!® fabricated macroporous
alumina ceramics with aligned microporous walls by unidi-
rectionally freezing foamed aqueous ceramic suspensions. The
size of the macropores was controlled by adjusting the stirring
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speed during the foaming process. Hong et al.!” produced highly

porous zirconia ceramic bodies with interconnected pores by
freeze casting technique using camphene-based slurries. The
pore volume fraction and pore size were controllable by adjust-
ing the initial solid content in the mixed slurries. Zuo et al.'®
fabricated porous hydroxyapatite (HAP) ceramics with different
morphologies by the freeze casting method. The morphologies
of HAP ceramics were modified by adjusting the concentra-
tion of polyvinyl alcohol (PVA) additive in the HAP slurries.
Nevertheless, more attention should be placed on the effect of
freezing temperature on the microstructure and properties of
porous ceramics. Because the freezing temperature also exerts
impact on solidification behavior of freezing vehicles and thus
the pore structure left by the frozen vehicles.

In the present work, a processing route, using different freez-
ing temperatures during freeze casting, to control the pore
channel size in porous YSZ ceramics with unidirectionally
aligned pore channels was reported. The as-fabricated sam-
ples were characterized by observing the microstructure and
evaluating pore size, pore size distribution, porosity and the
room-temperature thermal conductivity. The unidirectionally
aligned pore channels produced by this method offered distinct
applications of porous YSZ ceramics in thermal insulators: one
end with high porosity along the channel direction was promis-
ing in thermal insulation, and the other end which was much
denser provided high strength for load bearing.

2. Experiment procedure
2.1. Sample preparation

Commercially available YSZ powder (ZrO;—8 mol% Y, 03,
AR grade, Fanmeiya Powders Co. Ltd., Jiangxi, China) was
used as the starting material. This YSZ powder has a median
size (dso) of 1.26 pm (d19=0.44 pm, and dgg=3.23 um) and
a specific surface area of 6.49 m?/g. Tert-butyl alcohol (TBA,
chemical purity, Beijing Yili Chemical Co., Beijing, China) and
polyvinyl butyral (PVB) were used as the shaping vehicle and
the binder in the freeze casting process, respectively.

Cylindrical polyamide mold, with an outside diameter of
78 mm, an inside diameter of 26 mm and a height of 30 mm, was
glued on a copper plate of 5 mm thickness using silicon gel. The
copper plate was immersed in the freezing agents, i.e., chilled
alcohol (CAH) with temperature of —30°C, solidified carbon
dioxide (SCD) with temperature of —78 °C and liquid nitrogen
(LN2) with temperature of —196 °C. The top of the mold was
open so that the upper surface of the slurry was exposed to the
atmosphere at room temperature of 25 °C.

A premixed solution was prepared by mixing 0.5 wt% PVB
into TBA. YSZ powder (15vol%) was mixed with the pre-
mixed solution (85 vol%) and ball-milled for 4 h to generate a
homogeneous suspension. To adjust the suspension to a proper
flowability during casting, a selected alkali solution was added
into the slurry. The slurry was then poured into the mold and
subjected to unidirectionally freezing using different freezing
agents. After freezing, the frozen bodies were freeze-dried

in vacuum at —50°C using a freeze-dryer (Type FD-1A-50,
Boyikang Corp., Beijing, China). Cylindrical green compacts
with a height of 18 mm and a diameter of 25 mm were then pro-
duced and carefully removed from the molds. Subsequently, the
green compacts were sintered at 1450 °C for 2 h in air.

2.2. Characterization

Microstructure was observed using a scanning electron
microscope (SEM, JSM 6700F, JEOL, Tokyo, Japan) on cer-
tain parts of the sample with different distance from the cooled
plate (3 mm, 9 mm and 15 mm). In particular, in order to observe
the pore channel size and microstructure of the section paralleled
to the cooled plate, the samples were infiltrated with ethylene-
vinyl acetate (EVA) copolymer to avoid breaking and make it
more adaptive to the working condition. Thereafter, the sam-
ples were ground and analyzed using SEM. Pore channel size
was determined by measuring the size of pore channels from
the microstructure of the section paralleled to the cooled plate.
The microstructure was taken at four randomly-selected loca-
tions on each sample (two samples per condition). Pore size
distribution was analyzed by a mercury intrusion porosime-
try (AutoPore-IV9510, Micromeritics Instrument Corp., United
States) on certain parts of the sample with different distance
from the cooled plate (3 mm, 9 mm and 15 mm). Bulk density
of the sintered samples was measured from sample mass and
dimension, and relative density thus porosity were determined
from the ratio of the measured bulk density to the theoreti-
cal one of the YSZ material, which was taken as 6.0 g/cm3.
Three samples were used to determine the average porosity.
Thermal conductivity at room temperature was measured on
5mm x 5mm X 3mm machined specimens, using a Thermal
Transport Option (TTO) of Physical Properties Measurement
System (PPMS, Model 6000, Quantum Design, United States).
The TTO system measured thermal conductivity A by applying
heat from the heater shoe in order to create a user-specified tem-
perature differential (AT) between the two thermometer shoes,
which were connected to the two sides of sample using epox-
ies (including silver-filled H20E and nonconductive tra-bond
816HO1). TTO dynamically modeled the thermal response of
the sample to the low-frequency, square-wave heat pulse, thus
expediting data acquisition. TTO then calculated thermal con-
ductivity directly from the applied heat power, resulting A7, and
sample geometry.

3. Results and discussion
3.1. Formation of porous structure

Freeze casting of YSZ/TBA slurry was employed to pro-
duce porous YSZ ceramics with unidirectionally pore channels
using different freezing temperatures, which were offered by
different freezing agents of CAH, SCD and LN2. Fig. 1 shows
the schematical illustration of freeze casting system and pore
structure formation during freeze casting. The system mainly
consists of the TBA ice prism, the ceramic walls and the lig-
uid particle suspension. This method exploits the fact that TBA
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Fig. 1. Schematical illustration of freeze casting system and pore structure
formation during freeze casting.

normally forms long straight ice prisms without any branches
when solidified under a certain freezing temperature.'® During
freeze casting, TBA gradually crystallized to form unidirection-
ally aligned ice prisms parallel to the freezing direction, running
from low temperature of the bottom to high temperature of the
top. Meanwhile, the ceramic particles were repelled by the grow-
ing TBA ice prisms, and bound by PVB, to cohere together and
form strong pore channel walls. Typically within 30—-60 min,
the solidification was complete, yielding a solid green compact.
The green compact was then demolded and placed in vacuum
at —50 °C for 24 h to allow the sublimation of TBA. Solid TBA

could be easily converted to the gaseous state, because the satu-
rated vapor pressure of TBA (8—10 kPa) is high enough to allow
sublimation in vacuum. The unidirectionally aligned TBA crys-
tals sublimed and then left one-dimensional channeled pores.

Notably, the pore channels tended to align with increasing
pore channel size in the freezing direction, regardless of the
change of pore channel size under different freezing tempera-
tures. Owing to the thermal resistance of the solidified layer, the
solidification velocity decreased with increasing layer thickness
and caused an increase of prism spacing and thus pore channel
size.

Fig. 2 shows the typical microstructure of the porous YSZ
ceramics with unidirectionally aligned pore channels fabricated
by freeze casting. The architectures in the sintered samples were
observed along the different directions perpendicular, parallel
and at a 45° angle to the cooled plate, as shown in Fig. 2(a)—(c),
respectively. The perpendicular section to the cooled plate
clearly indicated that growth of the close-packed TBA crystals,
upon unidirectionally freezing, incorporated the ceramic par-
ticles and binders together between adjacent TBA ice prisms.
Subsequent high-vacuum sublimation of the TBA ice produced
well-ordered micro-channeled structures parallel to the freez-
ing direction (Figs. 1 and 2(a)). Moreover, both the parallel
section and the section at the 45° angle to the cooled plate indi-
cated that the ceramic walls were regularly arranged between
the adjacent pore channels which showed a hexagonal cross-
section (Fig. 2(b) and (c)). The channeled architectures with
pore channel size around 100 wm and wall thickness ranging
from 30 to 100 wm were observed in the section at the 45° angle
to the cooled plate (Fig. 2(c)). High-magnification image showed

Fig. 2. Typical SEM micrographs of porous YSZ ceramics with unidirectionally aligned pore channels: (a) perpendicular section to the cooled plate, (b) parallel
section to cooled plate (prepared by EVA infiltration), (c) section with a 45° angle to the cooled plate and (d) high-magnification micrographs.
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Table 1

Variations of pore channel size with distance from the cooled plate in porous YSZ
ceramics with unidirectionally aligned pore channels under different freezing
temperatures of —30, —78 and —196 °C.

Freezing Freezing Distance from the Pore size
agent temperature cooled plate (mm) (pm)
°C)

CAH —30 3 31.6 £ 14.6
9 51.8 £17.3
15 80.4 £ 21.6

SCD —78 3 28.1 £ 4.5
9 49.1 + 14.2
15 69.4 £+ 18.6

LN2 —196 3 16.4 + 3.9
9 263 £ 7.5
15 37.8 £5.7

submicrometer sized pores on the porous wall (Fig. 2(d)), which
was supported by pore size distribution (Fig. 5).

The authors believe that the hexagonal cross-section of pore
channels resulted from the crystallization characteristics of

TBA. Among three crystalline phases of TBA which were noted
by Oetting?’, phase II was reported to be stable below 8 °C, and
phase II was found to transform into either phase I at 13 °C or
phase III at 8 °C; the latter was reported to be stable between
approximately 9 and 22 °C.?! In other words, the phase II of
TBA was the stable phase that existed in all the three kinds of
green samples in the present work. Furthermore, McGregor et
al.?? pointed out that phase Il of TBA contained three symmetry-
independent molecules and these formed six-membered rings or
hexamers with six hydrogen bonds forming each ring, as shown
in Fig. 3. Fig. 3 also presented the crystal packing of these hex-
amers, which resulted in the hexagonal cross-section of pore
channels formed by sublimation of TBA.

3.2. Microstructure

Fig. 4 shows the microstructure of unidirectionally aligned
pore channels in the porous YSZ ceramics at different loca-
tions from the cooled plate of 15 mm (Al, B1 and C1), 9 mm
(A2, B2 and C2), 3mm (A3, B3 and C3) and under different

Fig. 3. Schematical illustration of TBA crystallization showing hexamers forming and hexagonal crystal packing.
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Fig. 4. Microstructure of unidirectionally aligned pore channels in the porous YSZ ceramics at different locations from the cooled end of 15 mm (A1, B1 and C1),
9mm (A2, B2 and C2), 3 mm (A3, B3 and C3) and under different freezing temperatures of —30°C (A1, A2 and A3), —78°C (B1, B2 and B3) and —196°C (C1,

C2 and C3). FT: freezing temperature.

freezing temperatures of —30°C (A1, A2 and A3), —78°C (B1,
B2 and B3) and —196°C (C1, C2 and C3). It was observed
that pore channel size decreased significantly with decreasing
freezing temperature, regardless of the microstructure details
in the individual samples. The authors believe that the solidifi-
cation velocity increased with decreasing freezing temperature,
and caused decreasing prism spacing and thus pore channel size.
Moreover, the SEM micrographs also showed that the pore chan-
nels tended to align with increasing pore channel size from the
cooled plate to the top of the mold, at a given freezing tem-
perature. The possible reasons had been discussed above in the
demonstration of pore structure formation in Fig. 1.

Table 1 shows the variations of pore channel size with dis-
tance from the cooled plate in porous YSZ ceramics with
unidirectionally aligned pore channels under different freezing
temperatures of —30, —78 and —196 °C. Pore channel size was
determined by measuring the size of pore channels from the
microstructure of the section paralleled to the cooled plate. The
microstructure was taken at four randomly-selected locations
on each sample (two samples per condition). Samples under
lower freezing temperature revealed both lager pore channel size
and broader size range. The pore channel size decreased with
decreasing freezing temperature, regardless of the locations. The
pore channel size at 3, 9 and 15 mm away from the cooled
plate in samples under freezing temperature of —30 °C was 31.6,
51.8 and 80.4 wm, respectively. With decreasing freezing tem-
perature, the corresponding values in samples under freezing
temperature of —196 °C decreased to be 16.4,26.3 and 37.8 pm,
respectively. Regardless of freezing temperature, the pore chan-

nels size increased with distance away from the cooled plate.
The results were consistent with microstructure development
observation, as shown in Fig. 4.

Fig. 5 shows the pore size distribution (bold line) and cumula-
tive pore volume of porous YSZ ceramics at different locations
from the cooled plate of 15mm (A1, Bl and C1), 9mm (A2,
B2 and C2), 3mm (A3, B3 and C3) and under different freez-
ing temperatures of —30°C (Al, A2 and A3), —78°C (BI,
B2 and B3) and —196°C (C1, C2 and C3). Pore size distri-
bution was analyzed by a mercury intrusion porosimetry on
certain parts of the sample with different distance from the
cooled plate (3 mm, 9mm and 15 mm). Each case presented a
bimodal pore size distribution with peak locations at 0.35 and
14-72 pm, respectively. All pore distribution peaks revealed a
narrow half-peak width, signifying a narrow pore size distribu-
tion. One peak had a fixed pore size of 0.35 pm at all locations
and freezing temperatures. These pores were resulted from both
burn-out of binders and grain packing in the ceramic walls, as
shown in Fig. 2(d). The other peak was located in the range
of larger sizes of 14-72 pm. These pores dominated over 90%
of the cumulative pore volume in all samples, indicated by
the cumulative pore volume curves (Fig. 5). They represented
the unidirectionally aligned pore channels. The pore size var-
ied significantly with freezing temperatures and locations: at a
given location, the pore size decreased with decreasing freez-
ing temperature; while at a given freezing temperature, the pore
size increased with increasing distance away from the cooled
plate. For example, the pore channel size at the location 15 mm
away from the cooled plate of the samples decreased from 72
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to 23 wm as the freezing temperature decreased from —30 to
—196 °C; the pore channel size in the samples under the freezing
temperature of —76 °C increased from 22 to 60 wm as the dis-
tance from cooled plate increased from 3 to 15 mm. The results
were in agreement with microstructure observation, as shown
in Fig. 4.

3.3. Porosity

Fig. 6 shows the variation of porosity with distance from
the cooled plate in porous YSZ ceramics with unidirectionally
aligned pore channels under different freezing temperatures of
—30, =78 and —196 °C. The porosity decreased with decreasing

freezing temperature, regardless of the locations. The poros-
ity at locations 3, 9 and 15 mm away from the cooled plate
in samples under freezing temperature of —30°C was 76.7,
77.4 and 77.9%, respectively. With decreasing freezing tem-
perature, the corresponding values in samples under freezing
temperature of —196 °C decreased to be 73.1, 74.5 and 75.1%,
respectively. Furthermore, the porosity increased with distance
away from the cooled plate, regardless of the freezing temper-
ature. While alkali solution was added into the slurry to keep
the uniform distribution of ceramic particles, the sedimentation
of ceramic particles occurred to certain extent, resulting in rel-
atively higher solid loading of slurry on the bottom than that on
the top. Therefore, the porosity of the bottom part with higher

Fig. 5. Pore size distribution (bold line) and cumulative pore volume of porous YSZ ceramics at different locations from the cooled plate of 15 mm (A1, B1 and C1),
9mm (A2, B2 and C2), 3 mm (A3, B3 and C3) and under different freezing temperatures of —30°C (A1, A2 and A3), —78°C (B1, B2 and B3) and —196°C (C1,

C2 and C3).
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Fig. 5. (Continued)

Fig. 6. Variation of porosity with distance from the cooled plate in porous YSZ
ceramics with unidirectionally aligned pore channels under different freezing
temperatures of —30, —78 and —196 °C.

Fig. 7. Variation of room-temperature thermal conductivity with distance from
the cooled plate of porous YSZ ceramics with unidirectionally aligned pore
channels under different freezing temperatures of —30, —78 and —196 °C.

solid loading was lower than that of the top part with lower solid
loading.

The decreasing solidification velocity in the freezing direc-
tion yielded porous YSZ ceramics with increasing pore channel
size from 14 to 72 wm and increasing porosity from 73 to
78% in the two ends, respectively. Although it is important
to keep the solidification velocity as constant as possible in
order to obtain homogeneous materials, the structural charac-
teristics in the porous YSZ ceramics brought advantages. For
example, the end of porous YSZ ceramics with smaller pore
channel size and porosity had potential applications in mechan-
ical protection due to its higher strength; the end of porous
YSZ ceramics with lager pore channel size and porosity per-
formed better as thermal insulations due to its lower thermal
conductivity.

3.4. Room-temperature thermal conductivity

Fig. 7 shows the variation of room-temperature thermal con-
ductivity with distance from the cooled plate of porous YSZ
ceramics with unidirectionally aligned pore channels under dif-
ferent freezing temperatures of —30, —78 and —196°C. All
the samples had low thermal conductivities, 0.06-0.36 W/m K,
which were much lower than that of dense zirconia ceramics
(~2.18 W/m K). The porous YSZ ceramics are suitable for appli-
cations in thermal insulations. Notably, the thermal conductivity
along the perpendicular direction (A ) was lower than that along
the parallel direction (A//). The authors believed that the thermal
conductivity along the perpendicular direction and the parallel
direction could be modeled by series and parallel models for the
structural characteristics, respectively. At a given porosity, the
thermal conductivity predicted by the series model was lower
than that predicted by the parallel model.>? It was consistent
with the experimental data. Although A were at the same level
without considerable differences among different samples, A/
of sample under freezing temperature of —78 °C was lower than
that of sample under freezing temperature of —30 and —196 °C.
The reasons that A/ of sample under freezing temperature of
—78 °C was the lowest were not clear.
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4. Conclusions

In summary, this work reported the potential of using different
freezing temperatures during freeze casting for controlling the
pore channel size in porous YSZ ceramics with unidirectionally
aligned pore channels for applications in thermal insulations.
The pore channel size decreased significantly with decreasing
freezing temperature, regardless of microstructure variations in
the individual sample. Porosity also decreased as freezing tem-
perature declined. While at a given freezing temperature, the
pore channel size increased with increasing distance away from
the cooled plate. Furthermore, the as-fabricated samples had
remarkably low thermal conductivities ranging between 0.06
and 0.36 W/m K, and thus were suitable to be applied in thermal
insulations.
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