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Abstract

Highly porous ceramic foams with open or closed cells have a wide variety of industrial applications, such as high-temperature filtration,
absorption, catalyst support, lightweight materials, and high-temperature structural components. The mechanical strength of these highly porous
ceramics decreases when the porosity in the foam reaches 90%. This work investigated the preparation of a highly porous Al2O3 substrate with a
porosity of approximately 90% using a direct foaming technique, and coatings were deposited onto the substrate using Al2O3 slips prepared with
powders of different particle sizes via a dip-coating process. Upon coating the surfaces of the foam, the surface condition was improved, and
cracks were healed, producing a versatile material with good compressive strength. The interface between the Al2O3 coatings with different
particle sizes and the substrate was analysed by observing the microstructure of the specimens, and their compressive strengths were compared
with the compressive strength of an uncoated specimen after sintering at 1600 1C and 1700 1C for 1 h.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The performance of engineered porous ceramic materials
is gauged by their high-temperature stability, low weight,
high porosity, low thermal conductivity, and good mechanical
strength. These properties have led to a diverse range of
applications, including solid oxide fuel cell insulators [1], metal
melt filtration, ion-exchange filtration, heat exchangers, refractory
linings, and catalyst supports [2]. Highly porous ceramic foams
with open or closed cells are good candidates to be heat-shielding
materials but exhibit poor mechanical strength when the porosity
in the foams reaches 90%. Mostly porous materials are prone to
debris problems, and certain applications require an insulation
material without debris to ensure a clean environment.
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The mechanical strength of highly porous materials can be
enhanced by coating their surfaces. Son et al. [3] investigated a
vacuum slurry coating technique during the fabrication of a
dense and thin electrolyte coating on the surface of a porous
anode for SOFC applications, whereas Lan et al. [4] studied
the fabrication of thick yttria-stabilised-zirconia coatings with
thicknesses up to 420 μm via the pressure infiltration of slurry
for use as a thermal barrier coating for high-temperature
applications. Coatings have been used to protect manufactured
components from thermal or corrosive degradation and to
impart good wear resistance and hardness to surfaces. There
are several coating techniques that are currently employed,
among which dip-coating is a simple and cost-effective method
that has been optimised by many researchers [5–8] to fabricate
both porous and dense ceramic coatings. This method offers
good flexibility when used to coat components with complex
geometries, and the uniform coating of large areas as well
as controllable film thicknesses can be ensured by dip-
coating. Gu et al. [9] presented a model of the fabrication of
a uniform ceramic membrane by a dip-coating technique. In the
ghts reserved.
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Fig. 1. Particle size analysis of the starting Al2O3 powders.
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dip-coating process, the driving force for film formation is the
capillary force of the porous substrate. The capillary force
generated by touching the substrate to the meniscus of the slip
yields a uniform coating thickness over a porous substrate. As the
capillary force increases, the porous surface is effectively coated,
thus reducing the effect of surface defects of the substrate on the
coating properties [9]. In the dip-coating process, a substrate is
immersed in a suspension with an appropriate rheology and is then
withdrawn at a constant rate. The deposited wet film, upon drying
and sintering, transforms into a solid film that adheres to the
substrate.

A particle-stabilised direct foaming technique developed by
Gonzenbach et al. [10–12] based on in situ hydrophobisation
of colloidal particles was used to prepare a highly porous
Al2O3 substrate. In this technique, bubbles are incorporated
into a suspension containing surfactant-modified, partially
hydrophobic particles that attach themselves to the air/water
interface and create a protective shield around the bubbles. The
high stability of particle-stabilised foams is attributed to the
irreversible adsorption of partially hydrophobic particles at the
air/water interface, which impedes destabilisation mechanisms
such as coalescence, drainage, and Ostwald ripening [13–15].

Lange et al. [16] healed surface cracks in polycrystalline
alumina by heating specimens to a high temperature for a short
period; however, the crack-healing behaviour of highly porous
Al2O3 prepared through a particle-stabilised direct foaming
technique has not been studied. In the present study, we
elucidated the effect of coating on the microstructure and
compressive strength of a highly porous Al2O3 foam manu-
factured by the particle-stabilised direct foaming technique.
The particle-stabilised Al2O3 foam was dip-coated with aqu-
eous slips prepared with Al2O3 powders of different particle
sizes to produce a material with a macroporous substrate and a
microporous coating. The inhomogeneities on the surface and
cracks were healed by the dip-coating process to improve the
compressive strength and enhance the debris resistance of the
highly porous foam, which can be efficiently used as a heat-
shielding material in applications that require an environment
free of contamination.

2. Experimental procedures

Commercially available α-Al2O3 (AKP-30, Sumitomo Che-
micals Co. Ltd., Japan) with a particle size of 0.3–0.5 μm and a
BET surface area of 5–10 m2/g was used for the preparation of
the substrate. Aqueous colloidal suspensions were initially
prepared with 50 vol% solid loading, and 2 N HCl was used
for the electrostatic dispersion of the particles, followed by ball
milling for 24 h with a ball-to-powder volume ratio of 2:1.
Valeric acid (99% pure, Sigma-Aldrich) was diluted in water
to obtain a final solid loading of 35 vol%; the solution was
added dropwise immediately after ball milling for the in situ
hydrophobisation of the Al2O3 particles. The final pH of the
slurry was adjusted to 4.7 using a 1 N NaOH solution, and
foaming was carried out using a direct drive motor at a
rotational speed of 1000 rpm. The specimens were prepared by
using Perspex moulds, followed by drying for 24 h in a
humidity- and temperature-controlled chamber at 20 1C with
a humidity level of 90%. After 24 h, the temperature was
increased to 30 1C while the humidity remained at 90%. Sintering
of the specimens was carried out at 1600 1C at a heating rate of
1 1C/min and a dwell time of 2 h. After sintering, the specimens
were cut and used as substrates to be coated with different particle
sizes Al2O3.
Aqueous Al2O3 slips were prepared with AKP-30 and

ALM-44 (Sumitomo Chemicals Co. Ltd., Japan) with a solid
loading of 50 wt%. HS dispersant 5802 (SAN NOPCO KOREA
LTD.) was added to 2 wt% water to disperse the Al2O3 particles.
HS-BD 25 (SAN NOPCO KOREA LTD.) was added to 10 wt%
of water to form a binder. The slips were ultrasonicated for 1 h to
ensure dispersion of the particles in water. Prior to the coating
process, the substrate surfaces were smoothed by carefully
rubbing on a fine silicon carbide abrasive paper. The substrates
were coated with AKP-30 and ALM-44 by dipping them into the
slips for 5 s and withdrawing at a speed of 4 mm/s. Additional
coatings were applied by re-dipping the previously dip-coated and
dried specimens at 30 1C. The resulting specimens were finally
dried at 30 1C for 24 h and sintered at 1600 1C and 1700 1C at a
heating rate of 3 1C/min and a dwell time of 1 h.
The particle size distribution of the initial powders was

determined using a particle size analyser (Beckman Coulter
LS™ 13 320 Laser diffraction particle size analyser, USA).
Microstructural analysis of the final specimens was performed
using SEM (JSM-5800, JEOL, Tokyo, Japan). The compres-
sive strength of the specimens coated on all sides (10 mm� 10
mm� 10 mm in size) was measured using a uni-axial mechan-
ical tester (Instron Corporation) connected to a software
“Series IX Automated Materials Testing System”. A load cell
of 500 kgf was used and crosshead speed was 0.5 mm/s. Five
specimens under each condition of coating were tested to
obtain the mean and standard deviation.

3. Results and discussion

The results of the particle size analysis of the Al2O3

powders are shown in Fig. 1. AKP-30 showed a small particle
size D50 of 0.3 μm with a narrow distribution, whereas ALM-
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44 showed a large particle size D50 of 3.148 μm with a wide
distribution. AKP-30 was used for the preparation of the
substrate because a submicron particle size is more suitable for
particle-stabilised direct foaming. The fractured surface of the
Al2O3 substrate sintered at 1600 1C for 2 h, demonstrating the
Fig. 2. SEM images of the Al2O3 foam substrate sintered at 1600 1C for 2 h (a)

Fig. 3. SEM images of the AKP-30 coating surface sintered at 1600 1C for 1 h: (a) c
and (e) coated five times with the ALM-44 sintered at 1600 1C for 1 h.
cell morphology and porosity, is shown in Fig. 2(a). The cell
size of the substrate ranged from 70 to 200 μm with a porosity
of approximately 90%. This porosity of the Al2O3 foam
substrate was determined from the ratio of the bulk density
to the theoretical density, and the bulk density of the substrate
showing uniform cell size and cell morphology and (b) a single strut wall.

oated twice, (b) coated three times, (c) coated four times, (d) coated five times,
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was calculated from the mass-to-volume ratio. The substrate
manufactured by the particle-stabilised direct foaming method
exhibited a unique single strut wall, as shown in Fig. 2(b).
Through this method, the surface of the Al2O3 particles was
altered to become partially hydrophobic by adsorbing
valeric acid on the surface of the particles. The pH of the
Al2O3 colloidal system was maintained at 4.7 to obtain a
higher zeta potential because the IEP value of Al2O3 is
approximately 9. At pH 4.7, Al2O3 exhibited the positive
surface ion AlOHþ

2 , and valeric acid deprotonated into CH3–

CH2–CH2–CH2–COO
� and Hþ ions. The anion (CH3–CH2–

CH2–CH2–COO
�) of valeric acid is capable of getting

adsorbed electrostatically onto the cationic surface of Al2O3

particles to render them partially hydrophobic by leaving their
tails in the aqueous solution. These surface-modified, partially
hydrophobic Al2O3 particles are adsorbed irreversibly on the
air/water interface to stabilise the foam.

Aqueous slips were prepared with AKP-30 and ALM-44
powders and used to coat the substrates. An Al2O3 foam
substrate shows good wettability toward an aqueous slip, thus
producing a uniform coating. Al2O3 foam prepared utilizing
the particle-stabilised direct foaming technique has inherently
closed cells but the cell openings are most likely formed by
local differential shrinkage of the particle layer around bubbles
during drying. This shrinkage favored rupture of the particle
coating around the bubbles, leading to interconnectivity of
cells after drying and sintering. Therefore, our foam specimens
have both open and closed cells. In the dip-coating process, a
substrate is immersed in a ceramic slip, which contains a
dispersant and a binder and is then withdrawn at a constant
rate. When the specimens were dipped into the suspensions,
the ceramic particles in the suspension were deposited on the
surface of the specimens due to capillary force which acts as a
driving force for coating and also penetrated into the cracks to
heal them. Therefore, the effect of particle size was studied on
the healing of cracks and improvement in the compressive
strength. For a microporous substrate, the capillary force is
high and the porous surface will be coated effectively.
However, in this study, a macroporous substrate was used,
which induces a lower capillary force relative to that induced
by a microporous substrate, thus creating a lower driving force
for coating. If the capillary force is not sufficient, the coating
Fig. 4. SEM images of the AKP-30 coating sintered at 1600 1C for 1 h: (a) cross-se
between the coating layer and the substrate at a higher magnification.
layer will have several defects, such as uncoated areas, pores,
cracks, and pinholes, as shown in Fig. 3. For AKP-30 and
ALM-44, five coatings were required to obtain a uniform
coating on the substrates, whereas cracks and non-uniform
areas were repaired step by step. Additional coatings were
applied by re-dipping the previously dip-coated and dried
specimens at 30 1C. For each coating, a new slip was prepared
every time to avoid changes in the slip particle size distribution
due to the decrease in agglomeration and concentration resulting
from the dip-coating procedure. The number of coatings was
observed to have a strong effect on the uniformity of the overall
coatings. When a substrate was coated twice with the AKP-30
slip, the coating only filled the cells of the foam, as shown in
Fig. 3(a). By increasing the number of coatings to three, islands
of the coating were created, covering only some areas of the
substrate surface, as shown in Fig. 3(b). Upon further increasing
the number of coatings to four, a uniform coating was obtained,
but the coating showed cracks (Fig. 3(c)). With five coatings, the
cracks were filled and a uniform coating was obtained, as shown
in Fig. 3(d). Moreover, with ALM-44, a uniform coating with a
smooth surface was obtained after five coatings, as shown in
Fig. 3(e). It is clear that repetitious dip-coating can result in
thicker films and that cracks or other defects in the initial layers
can be repaired by subsequent coatings.
A cross-sectional SEM image of the fractured surface of the

AKP-30 coating fabricated by the dip-coating process is shown in
Fig. 4(a). A uniform coating with a thickness of 50 μm was
obtained after five dip-coatings, and no cracks were observed on
the coated surface. The coating was smooth, providing a favourable
surface condition. The adhesion between the coating and substrate
was very strong, preventing the formation of an interlayer, and no
delamination was observed, as shown in Fig. 4(b).
The AKP-30 and ALM-44 coatings with different particle

sizes are compared in Fig. 5. All of the specimens were coated
five times, and the coating thickness was observed to increase
when the particle size of the Al2O3 increased. The coating
thickness of the specimens coated with AKP-30 was 50 μm,
whereas that of the specimens coated with ALM-44 was
140 μm, as shown in Fig. 5(a) and (b) because a large particle
size will result in a thicker coating. The fractured surface of the
coatings sintered at 1600 1C shows that porous coatings were
obtained, which can be used as a thermal insulation material, as
ction showing a uniform coating on a highly porous substrate and (b) interface



Fig. 5. SEM images of (a) the interface of the AKP-30 coating and the substrate sintered at 1600 1C for 1 h, (b) the interface of the ALM-44 coating and the
substrate sintered at 1600 1C for 1 h, (c) a fractured surface of the AKP-30 coating sintered at 1600 1C for 1 h, and (d) a fractured surface of the ALM-44 coating
sintered at 1600 1C for 1 h. In contrast, (e) shows a fractured surface of the AKP-30 coating sintered at 1700 1C for 1 h, and (f) shows a fractured surface of the
ALM-44 coating sintered at 1700 1C for 1 h.
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shown in Fig. 5(c) and (d). When the sintering temperature was
increased to 1700 1C, densification along with grain growth
occurred in the AKP-30 coating, as shown in Fig. 5(e), whereas
densification was generally observed in the ALM-44 coating, as
shown in Fig. 5(f).

The crack-healing results of the highly porous Al2O3 foam
with the ALM-44 coating sintered at 1700 1C for 1 h are
shown in Fig. 6. The cracks in the highly porous Al2O3

substrate were effectively healed with the coating, indicating
that the solid loading and amount of binder added to the slip
are suitable. The slip successfully penetrated into the cracks to
heal them. For effective crack healing, the coating should be
strongly bonded to the substrate. In our specimens, there was
no delamination observed in the crack-filled area, and the
coatings were strongly bonded to the substrates after sintering.
The compressive strength of Al2O3 foam coated with AKP-
30 and ALM-44 was compared with that of uncoated Al2O3

foam sintered at 1600 1C and 1700 1C for 1 h, as shown in
Fig. 7. The compressive strength of the foam coated with
AKP-30 was twice that of the uncoated foam, whereas the
foam coated with ALM-44 did not show a high strength
despite the thicker coating relative to the thickness of the AKP-
30 coating sintered at 1600 1C. AKP-30 has a small particle
size D50 of 0.3 μm with a narrow distribution, whereas ALM-
44 has a large particle size D50 of 3.148 with a wide
distribution. The driving force for densification is the change
in the free energy caused by the decrease in the surface area
and the decrease in the surface free energy caused by the
replacement of solid–vapour interfaces. The sinterability of the
specimens coated with AKP-30 (D50 0.3 μm) was high due to



Fig. 6. SEM image of the ALM-44 coating on an Al2O3 substrate showing
crack healing after sintering at 1700 1C for 1 h.

Fig. 7. Compressive strength of uncoated foam and coated foam with AKP-30
and ALM-44 sintered at 1600 1C and 1700 1C for 1 h.

Fig. 8. Schematic of a foam coating showing (a) an i
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the small initial particle size and the high surface area of the
coating material, which showed a grain size of approximately
1 μm upon sintering at 1600 1C (Fig. 5(c)), whereas the
specimens coated with ALM-44 (D50 3.148) did not show
good sinterability at 1600 1C (Fig. 5(d)), resulting in a low
compressive strength. When the sintering temperature was
increased to 1700 1C, there was almost no change in the
compressive strength of the substrate, whereas densification in
the AKP-30-coated specimens was complete and the compres-
sive strength was slightly increased. Although densification
occurred in the ALM-44 coating after the sintering temperature
was increased to 1700 1C, the effect of a thick coating is more
dominant in increasing the compressive strength, as shown in
Fig. 7. Thus, the optimum sintering temperature and duration
for the ALM-44 coating are respectively 1700 1C and 1 h to
achieve a high compressive strength.
A schematic representation of the coating process for improving

the surface condition and repairing the cracks of a highly porous
substrate manufactured by the particle-stabilised direct foaming
technique is shown in Fig. 8. The improvement in the substrate
surface is based on the filling of inhomogeneous defects and crack
healing, which thus improve the substrate's compressive strength
and resistance to debris to yield an outstanding material with an
ultra-high porous core and relatively less porous surface. The
crack-healed Al2O3 foam created by dip-coating shows good
compressive strength and can be used as a low-weight structural,
thermal, and electrically insulating material in a corrosive environ-
ment requiring good wear resistance. Furthermore, because proces-
sing cost is very important when fabricating engineering ceramics
for such applications, the major advantage of this process is the
ability to form complex shapes using various mould materials and
low-cost processing equipment and materials.

4. Conclusions

AKP-30 and ALM-44 coatings with thicknesses of 50 μm
and 140 μm, respectively, were successfully fabricated on
highly porous substrates with a cell size ranging from 70 to
mproved surface condition and (b) crack healing.
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200 μm and a porosity of 90% utilising a simple dip-coating
process. After sintering, the coatings exhibited good adhesion
to a porous substrate without delamination. The increase in the
compressive strength of porous Al2O3 substrates afforded by
the coatings was believed to be due to the healing of cracks
and surface defects. The results of this study suggest that the
crack healing of highly porous Al2O3 foam by dip-coating is a
potentially useful approach for enhancing the compressive
strength thereof. These materials can be useful in low-weight
structural applications requiring a clean environment without
debris along with good compressive strength.
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