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bstract

eramics with graded and continuously aligned open pores were investigated using a double-side cooling freeze casting setup. The ceramic preforms
ith tailored lamellae spacing (wavelength), wall thickness and graded pore structure were used to infiltrate with a second phase for the fabrication
f graded interpenetrating phase composites. The effects of solid content, temperature setting and gradient, cooling rate and the introduction of
lectrophoretic deposition (EPD) on the freezing velocity of the ceramic suspension were analysed. On the bottom of the ceramic specimen, a
ense layer was formed and tailored with the use of EPD. The ceramic was characterised by a graded open pore structure with wavelengths up to

15 �m and interconnected microstructure. The effect of solid content on the degree of supercooling and the effect of temperature gradient on the
verage freezing velocity were investigated. The addition of EPD before freeze casting affected significantly the microstructure, the wavelength
ecreased and the wavelength gradient became smaller compared to simple freeze casting.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Ceramics with a tailored graded pore structure can be used
or filtration devices and planar solid oxide fuel cells (SOFC).1–6

hey can also be employed as preforms to infiltrate with a sec-
nd phase such as polymer or metal to fabricate functionally
raded composites used for orthopaedic implants and other engi-
eering applications. Typical methods to produce open porous
eramics are replication, direct foaming or templating. The repli-
ation method involves the coating of a structured substrate
e.g. a polyurethane sponge) with a ceramic suspension fol-
owed by substrate removal using thermal treatment; however
he main drawback is that through the pyrolysis of the sub-
trate the struts become void which decreases the mechanical

7–9
trength of the ceramic body. In direct foaming, air is either
lown into a ceramic suspension or bubbles are directly pro-
uced in the slurry via chemical processes that produce gas. The
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echnique has however disadvantages such as low permeability
ue to small windows on the pore walls, low homogeneity and
ifficulty of achieving graded structure in the ceramic body.3,8–10

reeze casting is an alternative route that offers versatility, low
ost and is environmentally friendly.11 In freeze casting based on
queous suspension, ice crystals grow in the ceramic suspension
nd particles accumulate between the ice columns. The crystals
re served as templates for the pores and are removed through
reeze drying. Importantly, it is possible to produce graded pore
tructures.

Over the last decade the freeze casting process has attracted
onsiderable attention in a wide range of fields with different
inds of materials such as ceramics, polymers and metals being
sed.4,12–18 The popularity of this process has grown due to
asily tuneable microstructures by varying process parameters
esulting in very complex and sophisticated structures.

Unidirectional freeze casting of ceramics in a single
ooled system has been widely investigated by many research
roups.19–23 But since the freeze casting process is a highly sen-

itive method the microstructure of ceramics is easily influenced
y small temperature changes, it is essential to build a system
hich is appropriately insulated by the surrounding temperature
uctuation. A closed system, in which both, bottom and top, rod
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emperatures are controlled, is a relatively new attempt which
as used by Deville et al.4,24 and is crucial for the reproducibility
f the ceramic specimen.25

In freeze casting, the initial freezing is very fast. Ice engulfs
he ceramic particles instead of forming columnar and lamellar
tructures. The growing ice front is planar with trapped ceramic
articles, which results in the formation of a relatively dense
ayer on the bottom of the sample.4 To increase the density and
hickness of this layer, an electric field can be used during freeze
asting as Zhang et al.26 reported. They used a combination of
PD and unidirectional freeze casting to fabricate dense/porous
eramic bi-layers. The dense layer was tuned by the electric
otential and the ceramic lamellae spacing was constant over
he whole height of the sample.

Most papers and reviews concentrate on the fabrication
f aligned lamellae structures with homogeneous distributed
orosity.1,11,27 In terms of ceramics with graded pore structures
roduced via freeze casting, only few studies were reported.1,6

ettge et al.2 fabricated yttria-stabilised zirconia ceramics with
 graded pore structure from 0 to 90%. Sedimentation prior to
reeze casting was used to control the pore gradient and dense
eposit. However the wavelength and wall thicknesses were
estricted as they were about 30 �m and 2–5 �m, respectively.
oh et al.6 reported the fabrication of dense/porous bi-layered
eramics using a camphene based suspension. Ceramic spec-
mens with dendritic pore channels and a dense layer on one
ide and pore sizes of about 17 �m on the other were achieved.
ofie,28 used a combination of freeze casting and tape casting,
ut the sample thickness was limited.

In this work the focus is on the investigation of tailored graded
ore structure in ZTA ceramics using a double-side cooling
reeze casting system. To improve the density of the dense layer
s well as the thickness, attempt was made on the introduction
f an electric field. The graded pore structure was manipulated
sing a range of processing conditions such as freezing tem-
eratures, cooling rates and solid loadings. The novel freeze
asting apparatus, the freezing conditions and the introduction
f electrophoretic deposition are discussed.

.  Material  and  methods

.1.  Raw  materials

Alumina powder (CT3000SG, Almatis, USA) with an aver-
ge particle size of 0.5 �m and zirconia powder (TZ-3YS-E,
ttria partially stabilised, Tosoh Corp., Japan) with an average
article size of 0.3 �m were used in this study. Aqueous sus-
ensions containing 15–35 vol% zirconia toughened alumina
ZTA) with 10 wt% zirconia relative to alumina were dispersed
n distilled water using an anionic dispersant, Dolapix CE64
Zschimmer & Schwarz, Germany), at a ratio of 0.6 wt% of the
ry powder weight. To increase the strength of the green ceramic,
olyvinyl alcohol (PVA, MW: 30,000–70,000, Sigma–Aldrich,

SA) was added at a ratio of 1.5 wt% with respect to the ceramic
owder, acting as an organic binder. The mixtures were ball
illed in polyethylene bottles using zirconia balls for 12 h to

btain well dispersed suspensions and ultrasonicated for 10 min

t

i
fi

ig. 1. Schematic illustration of double-side cooling apparatus utilised for uni-
irectional freeze casting and EPD.

o break down agglomerates and achieve a consistent homogene-
ty in the slurry.

.2. Apparatus

The apparatus built for the novel process combination of uni-
irectional freeze casting and EPD consisted of a double-side
ooling system, as shown in Fig. 1. The mould was made of a
5 mm thick PTFE ring which insulated the suspension from the
ides, and two copper rods (Ø60 mm) used as temperature car-
iers. A stainless steel (SST) disc was mounted onto the surface
f each copper rod which was connected to the pulse generator.
he SST discs were electrically insulated from the copper rods

o ensure the current flowed only through the ceramic suspen-
ion. The bottom thermocouple was in direct contact with the
emovable SST disc attachment through a slot in the SST disc.
he top thermocouple was placed in the copper rod close to the
ST disc which was glued onto the copper rod using a thin epoxy
esin. Since the discs were in direct contact with the suspension,
ST was chosen as it has a higher corrosion resistance compared

o copper. The apparatus contained a clear glass window, built
nto the side of the PTFE mould, enabling the ice front to be

onitored during freezing. The window allowed the degree of
upercooling (start of solidification) and freezing velocity to be
easured by recording the time of solidification. The top rod was

ooled using an immersion cooler (FT200, Julabo, Germany),
he bottom rod was immersed in a liquid nitrogen bath. The
emperatures were controlled through band heaters (MI, 400W,

atlow, USA) and thermocouples (type J, Watlow, USA) placed
lose to the suspension surfaces. Both rods had the same tem-
erature when the suspension was poured into the mould. The
ottom rod was cooled down at a controlled rate of 1 or 2 ◦C/min
hilst the temperature of the top rod was kept constant. Solidi-
cation took place unidirectionally, starting from the bottom to

he top rod.

The processes of anodic EPD and freeze casting were eas-

ly combined once the apparatus was built. To apply an electric
eld, the temperature controlled upper and lower surfaces were
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Fig. 2. Zeta potential of ceramic suspension as a function of pH.
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onnected to a waveform generator (33220A, Agilent Technolo-
ies, USA) with which a pulsed DC potential was applied to
inimise electrolysis of the aqueous suspension. EPD was car-

ied out at a potential of 10 V. A square wave pulse was used
ith a pulse frequency of 20% duty cycle (dc) and pulse width
f 0.005 s. EPD was applied prior to the start of freeze casting.
he deposition time was 10 min whereas the actual deposition

ime was much shorter since a series of direct current pulses of
qual amplitude and duration by periods of zero current were
pplied. To ensure conformity the electrode distance was kept
onstant with 12 mm throughout the experiments.

.3. Processing  and  characterisation

The zeta potential of ceramic suspension was measured
sing a Zetasizer (Nanoseries Nano-Z, Malvern, UK). Rheo-
ogical properties of suspensions with different solid contents
ere measured at 25 ◦C using a Rheometer (Gemini 200,
ohlin Instruments, UK) at controlled shear rate in a range of
.1–500 s−1 with a cone-plate geometry.

During freeze casting, ceramic particles were rejected by
he ice crystals and accumulated between the ice columns.
he average freezing velocity was calculated by measuring the

ime required for solidification. After solidification, the con-
olidated green ceramic was freeze-dried (Edwards, Modulyo
reeze dryer, UK) for 12 h to allow the ice to sublimate. The
reen ceramics were sintered (Elite thermal systems Ltd., UK)
sing the following regime: the temperature was first increased,
t a heating rate of 1 ◦C/min, to 600 ◦C and held for 2 h, fol-
owed by a further increase in temperature, at a heating rate of
0 ◦C/min, to 1600 ◦C and held for a further 2 h.

The microstructure of the sintered bodies was observed by
igital microscopy (KH-7700, Hirox, USA) and scanning elec-
ron microscopy (SEM) (JEOL, JSM 6330F, Tokyo, Japan).
eramic samples were infiltrated with a coloured epoxy resin

o give a better contrast. The resin infiltrated samples were cut
arallel and perpendicular to the freezing direction, grinded and
olished.

. Results

The zeta potential measurements of the ceramic suspension
ndicated that the particles are negatively charged at its inherent
H of 9.4 and has its isoelectrical point (IEP) at 5.7 (Fig. 2).
herefore the suspension could be used at its inherent pH for
nodic EPD as it is stable with a zeta potential of −43 mV.

The freeze casting experiments showed that 35 vol% was
he maximum solid content in suspension that was still easily
astable. At a higher solid content, freeze casting of the ceramic
pecimen produced samples exhibiting poor quality lamellae
tructure and delamination in the freezing direction, which is
ttributed to the high viscosity of the suspension. The force
ith which the ice crystals grow is insufficient to push upwards

29
hrough the suspension as discovered by Peppin et al. The
esults of the rheological properties of slurries with different
olid content are shown in Fig. 3. The graph indicates that the
iscosity of the 45 vol% suspension was 7 times higher at high

i
l
c
−

ig. 3. Rheological curves of ceramic suspensions showing the effect of various
olid contents on viscosity.

hear rates between 100 and 500 s−1 and increases with decreas-
ng shear rate up to 55 times compared to suspensions with lower
olid content which made it impossible to achieve an aligned
amellae porous structure.

Further rheological tests on slurries showed that the viscosity
as not greatly affected by temperature between 25 and 5 ◦C,
hich was important for the freeze casting process, to ensure

he regular growth of the ice crystals during freezing in a given
uspension.

Ceramic samples with graded pore structures were investi-
ated and the influence of solid content, freezing velocity and
egree of supercooling on the final pore microstructure has been
aken into consideration. Fig. 4a shows the degree of supercool-
ng as a function of solid content. The degree of supercooling
s the difference between the “real” freezing point of the liq-
id (Tm) and the temperature at which solidification occurs. The
ould of the freeze casting apparatus contained a clear glass
indow, enabling the ice front to be optically visible and mon-

tored during unidirectional freezing. This allowed the degree
f supercooling and average freezing velocity to be calculated
ccording to the time that the ice front took to travel from the
ottom to the top of the suspension. It was observed that, with an
ncreasing solid content in suspension, solidification starts ear-

ier compared to suspensions with lower solid content. At solid
ontents of 15, 25 and 35 vol% freezing starts at −9, −6.4 and
5 ◦C, respectively. Furthermore, a change in the solid content
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f the suspension influences the freezing velocity of the ice front
nd subsequently the microstructure of the specimen as shown
n Figs. 4b and 5. With increasing volume fraction the average
elocity of the freezing front increases (see Fig. 4b).

Fig. 5 shows cross-sections of ceramic specimens, with a
ottom rod temperature of −10 ◦C and a top rod temperature of
20 ◦C, at a distance of 8 mm from the bottom rod. The ceramic
amples were infiltrated with a coloured resin for better contrast
nd cut, perpendicular to the freezing direction, every 2 mm to
nalyse the wavelength and wall thickness at different heights
hrough the sample. The images demonstrate the influence of
he suspension content on wavelength and wall thickness. With
ncreasing solid content the wavelength decreases and the wall
hickness increases. In Fig. 6 the surface of a typical ceramic
all is shown. It can be seen that the surfaces have a rough

tructure and in the case of the 35 vol% specimen (Fig. 5c), the
istance between the ceramic walls becomes so small that the
oughness of the walls was sufficient to bridge adjacent walls.

As seen in Fig. 7, measurement of the wavelength at spe-
ific intervals through the ceramic specimens shows that as the
istance from the bottom rod was increased, the wavelength of
he lamellae also increases. All samples show independently
rom their solid content a general increase in wavelength with
ncreasing distance to the bottom rod. This is associated to
he slowing down of freezing velocity with growing ice front.
hat means further away from the cold surface the ice growth
ate became much lower due to the evolved ice which oper-
tes as an insulator and reduces the temperature gradient. The
lower the freezing velocity the bigger the wavelengths as the ice

8 mm height with different solid content, (a) 15 vol%, (b) 25 vol%, (c) 35 vol%
◦C, cooling rate: 1 ◦C/min.
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ig. 6. SEM micrograph of sintered ceramic lamellae surfaces with dendrite
tructures.

rystals have more time to grow horizontally. Fig. 7a also illus-
rates that with decreasing solid content the gradient of the
avelength within a sample becomes more significant with one

xception for the 35 vol% suspension at 2 mm height. The rea-
on for the very small wavelengths at the bottom of this sample
s firstly connected to the high amount of nucleation sites due

o the high concentration of ceramic particles in suspension.
econdly, the microstructure is also influenced by the degree of
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upercooling. Freezing generally starts when the nuclei have
eached their critical size. Until freezing occurs, the system is in

 supercooled state where the temperature of the system is lower
han the freezing temperature of the liquid phase; the system
s out of equilibrium. A system always tries to reach equilib-
ium which can be achieved by ice crystal growth. Therefore,
he higher the degree of supercooling is, the faster the initial
reezing velocity will be in order to obtain the equilibrium tem-
erature. Consequently a narrower wavelength results in the
eramic specimen. Samples with 15, 25 and 35 vol% solid con-
ent show an average wavelength of 88, 48 and 33 �m at 8 mm
eight, respectively.

The decrease in thickness of the ceramic walls, with decreas-
ng solid content (Fig. 7b), is due to the lower number of ceramic
articles in suspension. At 35 vol% solid content the average
all thickness was 36.5 �m, at 25 vol% it was 17 �m and at
5 vol% it was 11.8 �m. The 35 vol% samples show an increase
n wall thickness with increasing distance to the bottom rod com-
ared to 15 and 25 vol% samples. At a solid content of 35 vol%,

 larger number of ceramic particles are present in the suspen-
ion; these are not just pushed to the sides during freezing but
re also pushed upwards due to lack of space. The wavelength
f the ceramic specimens is 14.7, 27.8 and 41.7 �m at 35, 25
nd 15 vol%, respectively.

The effect of EPD on the microstructure of the ceramic speci-
en is shown in Fig. 8. The electric field forced ceramic particles

owards the bottom rod where they built a dense layer and at
he same time a gradient particle distribution arisen in suspen-
ion. Much higher densities on the bottom of the samples can
e achieved due to the additional force of the electric field. The
umber of lamellae was larger in samples, where an electrical
eld was applied due to an increased number of particles being
orced towards the bottom rod. This leads to more nucleation
ites which resulted in a larger number of ice crystals being
ormed and the much finer final structure. A similar effect was
bserved in slurries of higher solid contents. Not only does
he addition of EPD prior to freeze casting results in a smaller
avelength but also at the same time, it causes a decrease in
avelength gradient throughout the sample as shown in Fig. 9.
he sample without EPD shows an increase of wavelength from
0 to 47 �m, but an increase with EPD from 25 to 31 �m, at the
eight from 2 to 8 mm.

The freezing velocity and therefore the microstructure of the
esultant ceramic specimen, are dependent on the temperature
f the bottom rod and the cooling rate as illustrated in Fig. 10a. It
an be seen that the ice front velocity decreased with the decrease
f cooling rate, independent of the temperature of the bottom
od. The average freezing velocity of the ice front decreased
pproximately by 0.1 �m/min when a slower cooling rate was
pplied, resulting in smaller wavelengths in ceramics.

The influence of the temperature settings on ice front velocity
s shown in Fig. 10b. With decreasing top and bottom temper-
ture the ice front velocity increased markedly. When the top

◦ ◦
emperature was +10 C instead of +20 C, the temperature gra-
ient was smaller which led to a lower ice front velocity even
hough the temperatures were closer to the freezing point of
ater. When the bottom temperature was −5 ◦C, the influence
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Fig. 8. Microstructure of sintered ceramic cross section parallel to ice growing direction, (a) with EPD, (b) without EPD applied prior to freeze casting.
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Fig. 9. Influence of EPD on microstructure of freeze cast ceramics at different
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Fig. 11. Microstructure of freeze casted ceramic. (a) Cross section parallel to freezing direction, (b–e) cross section perpendicular to freezing direction at (b) 2 mm,
(c) 4 mm, (d) 6 mm and (e) 8 mm distance to bottom rod. Ceramic solid content: 15 vol%, freezing conditions: top temperature: +20 ◦C, bottom temperature −5 ◦C,
cooling rate: 1 ◦C/min.
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f temperature gradient on freezing velocity was low. But when
he bottom temperature was lowered (e.g. at −10 and −15 ◦C)
he influence of the temperature gradient became more signifi-
ant, which may suggest that a cooler starting temperature could
ead to faster freezing as it was closer to the freezing tempera-
ure of the suspension. These findings provide some guidance
or tailoring the graded pore structure in ceramics.

The evaluation of ceramic specimen with different solid con-
ents showed, that for ceramics with high graded pore structures,
ower solid content is desirable as the graded pore structure
ecreases in a sample with higher solid content (Fig. 7). The
ffect of different cooling rates (Fig. 10a) indicates that a lower
ate could help to build up large gradient structures. At the same
ime the temperature gradient should not be significantly too
igh since it is also dependent on the freezing velocity, which
esults in smaller wavelengths.

The largest graded pore structure was achieved using a
5 vol% suspension with a temperature regime on the top rod
f +20 ◦C and at the bottom rod of −5 ◦C with a cooling rate
f 1 ◦C/min. The microstructure of cross-sections of sintered
eramics parallel and perpendicular to the freezing direction are
hown in Fig. 11. As can be seen, the wavelength increases from
5 to 115 �m at 2 and 8 mm distance, respectively.

. Discussion

Through the aid of the clear window it was possible to monitor
he time for solidification. It was shown that with increasing solid
ontent in suspension, the degree of supercooling decreased.
his phenomenon is associated with the higher volume fraction
f solids in suspension, leading to a higher number of nucle-
tion sites which causes earlier nucleation. The increased solid
ontent also raised the freezing velocity of the ice front. Three
easons explain this trend. Firstly, in suspensions with a higher
olid content less water needs to be frozen, which leads to faster
reezing. Secondly, with a lower water content, less crystallisa-
ion heat needs to be conveyed and thirdly, the heat conductivity
f water is lower than that of ceramic particles.30,31

The introduction of EPD prior to freeze casting had the effect
o force the ceramic particles towards the bottom of the mould
n order to create an enhanced dense layer. Gas formation could
e avoided through a pulsed electric field and the dense layer
ncreased in density and thickness, but the graded pore structure
ecreased in the whole ceramic sample and the macrostructure
ecame significantly finer. That is associated to the increased
mount of particles on the bottom of the mould where nucleation
tarts.

. Conclusion

The study showed that the microstructure of freeze casted
eramics could be tailored by controlling the solid content of the
eramic suspension and the freezing conditions. It was shown

hat the freezing velocity of the ice front was a crucial factor
hich was in turn affected by the solid content of the suspen-

ion, the pre-set temperature and the applied cooling rate. In
rder to achieve a significant graded pore structure in the ZTA

1

eramic Society 32 (2012) 1575–1583

eramic, it has been shown that the ideal suspension had a solid
ontent of 15 vol%. The optimal temperature settings, using the
ouble-side controlled apparatus, were +20 ◦C on the top and
5 ◦C on the bottom rod with a cooling rate of 1 ◦C/min. Max-

mum wavelengths up to 115 �m could be achieved at a height
f 11 mm. The introduction of EPD showed that the density of
he dense layer could be enhanced and also the thickness, but
he final microstructure was affected by it. Pulsed EPD led to

 finer lamellar structure and a decrease in wavelength gradi-
nt over the whole height. Additionally, it has been shown that
he degree of supercooling was considerable dependent on the
olid content of suspension. With an increased solid content the
emperature at which freezing started was reduced, resulting in

 decrease in wavelength and in an increase in wall thickness of
amellae at the same time.
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