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Aqueous solutions of acetate-functionalized alumina nanoparticles (A-alumoxane), with an
average particle size of 28 nm, have been used as alumina precursors for the surface
infiltration and repair of porous and/or damaged alumina surfaces. SEM and AFM
measurements indicate that treatment with a 1 wt% solution results in a reduction of
surface roughness from >0.6 µm to ≈100 nm for surface pores in the 100 nm to 1 µm range.
The use of 6 wt% solutions gives better infiltration repair for 50 µm features, but surface
cracking is observed. The surface hardness of the porous alumina substrate is increased
upon infiltration. No spallation of the surface infiltration layer is observed after indentation
measurements and grain dislodgment is overcome. C© 2002 Kluwer Academic Publishers

1. Introduction
Traditional ceramic processing involves three ba-
sic steps generally referred to as powder-processing,
shape-forming, and densification, often with a final me-
chanical finishing step [1, 2]. Unfortunately, since a ce-
ramic powder is mixed with various binders, solvents,
and other agents to form and stabilize a solid (“green”)
body, and these agents are subsequently removed in
gaseous form by direct evaporation and/or pyrolysis,
extensive shrinkage results upon processing [3–5]. In
addition, this effect is exacerbated in the case of ce-
ramic fiber-ceramic matrix composites in which the
back stress between the reinforcing phase (fiber) and
the matrix results in resistance to densification, i.e.,
significant porosity [6]. An additional problem with
ceramic composites processed through traditional
routes is that the surface is rough. This occurs from
the sintering step, as well as physical handling and
post-sintering machining. A further problem often as-
sociated with hot pressed ceramic components is that
during impact or mechanical stresses, grain dislodg-
ment and intergranular microfracture occurs which has
detrimental effects on the material’s performance [7].

Possible solutions to these effects include: the use of
a pre-ceramic polymer as the binder to minimize poros-
ity [8], post-process micro-machining and post-process
surface infiltration of the porous ceramic [9–11].
Sintering of an infiltrated pre-ceramic material will
cause the formation of a second ceramic material within
the original substrate. Clearly, this can be of the same
crystalline phase or designed to enhance the reinforc-
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ing phase (i.e., fiber) and the matrix interactions [12].
Infiltration of porous ceramics by metals has previ-
ously been used to strengthen bulk ceramic bodies
[13, 14].

It is desirable that any infiltration and/or surface
repair medium should have a high ceramic yield but
should also have a small particle size such that defects
on the sub micron scale can be treated. Although sol-
gel methods could possibly be used for this applica-
tion, high ceramic yields are traditionally associated
with large particle size. Additionally, it would be ad-
vantageous for a surface infiltration process to provide
a planarization function [15]. Since, such a process will
undoubtedly result in a new surface layer it is neces-
sary that the infiltrating material form a graded interface
[16, 17] with the bulk material to minimize spallation
and failure. Finally, it would be desirable for all treat-
ments to be carried out in water with minimal use of
volatile organic chemicals (VOCs). In this regard, we
have developed an environmentally benign, versatile
method of solubilizing aluminum oxide nanoparticles
by reacting boehmite, [Al(O)(OH)]n , with carboxylic
acids, (HO2CR), in aqueous conditions [8]. The result-
ing materials are known as carboxylate-alumoxanes.
Photon correlation spectrocsopy (PCS) measurements
indicate that the alumoxanes are chemically functional-
ized nanoparticles and may be selectively prepared with
a particle size of 5–150 nm depending on the identity
of the organic substituents [8] and the processing con-
ditions [18]. Unlike traditional sol-gels, the alumox-
ane nanoparticles have a high ceramic yield (>70%)
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and therefore show low shrinkage upon thermolysis
[8]. Furthermore, although pyrolysis of the alumoxanes
produces alumina, the alumoxane nanoparticles un-
dergo a unique metal exchange reaction that allows
for the convenient formation of phase pure aluminates,
e.g., Y3Al5O12 (YAG) [19], CaAl12O19 (hibonite) [20],

Figure 1 SEM image of the top surface of a commercial α-alumina support (a) before treatment, (b) after treatment with 1% solution of A-alumoxane
nanoparticles and (c) after sintering to 1000◦C.

MgAl2O4 [21]. Thus, they may be used to prepare
hetero-phase composites [21].

Herein we report our initial studies into the sur-
face repair of porous and damaged alumina bodies
using the carboxylate-alumoxane nanoparticles. The
present study is only concerned with surface repair, and
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our studies on bulk body infiltration will be reported
elsewhere.

2. Experimental procedure
2.1. General
Acetate-alumoxane (A-alumoxane) nanoparticles were
prepared by the reaction of acetic acid (HO2CCH3)
and boehmite, using previously published methods [8].
Standard aqueous solutions of 1 wt% and 6 wt% A-
alumoxane were prepared by stirring A-alumoxane in
DI water until completely dissolved. The standard so-
lutions may be stored indefinitely before use without
precipitation or gelation. Circular α-alumina supports
(48 mm diameter, 2 mm thickness) were obtained from
the Refractron Technologies Corp. (Newark, NY). Sup-
ports were washed with acetone and heated to 600◦C
before use to remove surface grease.

Scanning electron microscopy (SEM) studies used
to determined the surface roughness, and the unifor-
mity of the infiltration, were performed on a Phillips
XL-30 ESEM at 15 kV. The samples were mounted
on carbon tape and sputter coated with gold. Cross-
sections of the infiltrated substrates were performed
to address the extent of filled in scratches. Atomic
force microscopy (AFM) measurements were made on
a Nanoscope IIIa Scanning Probe Microscopic Con-
troller (Digital Instruments). Probes were FESP sup-
plied by Digital Instruments and were used in the
tapping mode. The scan rate was 1 Hz, and the number
of samples taken on the fast scan axis was 512 per line.
Roughness and cross-section analysis were determined
by the accompanying Nanoscope IIIa software. Micro-
indention testing was performed on a Micromet mi-
crohardness tester. Load weights varied with the sam-
ple. The hardness was determined by inserting the load
weight and the area of indention into the Vicker’s equa-
tion: Hv = 1.85444(P/d2) where P is the load in kg and
d2 is the area of indention in mm2. A minimum of six
measurements was made on each sample. Contact angle
measurements were performed in a clean air hood, at a
humidity of 48–50% and an ambient room temperature
of 22–24◦C.

2.2. Surface infiltration of alumina
substrates

A RefractronTM α-alumina support was brought into
contact with an A-alumoxane solution (1 or 6 wt%) so
that only the surface touched the solution for approx-
imately 2–5 seconds. The support was then shaken to
remove any excess solution, and dried at room tem-
perature for 2 hours. The coated support was heated to
600◦C over four hours, held for 3 hours, and then heated
to 1000◦C for three hours. Multiple coatings were ob-
tained by treating a previously coated support (1 wt%
A-alumoxane) fired to 1000◦C, with a 1 wt% aque-
ous solution of A-alumoxane followed by firing, unless
otherwise noted, to 1000◦C. Where indicated, multiple
dip-fire procedures were carried out. The surface of an
Al2O3 RefractronTM disc was scratched using a sharp
glass tip to damage the surface. The surface was then
subjected to high-pressure air to remove any particulate

matter present. The damaged surface was treated in the
manner described above.

3. Results and discussion
For our initial studies into the suitability of alu-
moxane nanoparticles as surface repair agents we
chose to use a well characterizable alumina substrate
with consistent surface porosity and morphology from
sample-to-sample. In this regard, commercially avail-
able α-alumina porous disks were used. From the SEM
images of the surface of the RefractronTM α-alumina
substrate (Fig. 1a), they are composed of alumina par-
ticles sintered together with particle sizes ranging from
0.05–1 µm. Many surface defects are observed, includ-
ing a significant number of void spaces on the top
surface of the substrate. AFM analysis shows an av-
erage roughness of >0.6 µm over a 4 µm scan length
(Fig. 2a). From AFM measurements the pores appear to
range from 100 nm to 1 µm in cross section. Nitrogen
absorption confirms the presence of a broad distribu-
tion of pores with a maximum pore size over 180 nm
[22]. Initially 1 wt% solutions of A-alumoxane were
employed based upon prior results with coating sap-
phire, carbon, and SiC fibers [23, 24] in which highly
uniform coatings were obtained with minimal surface
cracking.

The choice of the acetate substituted alumoxane (A-
alumoxane) was dictated by the following factors: (1) a

Figure 2 The AFM of the top surface of (a) a commercial α-alumina
support showing the typical surface roughness, (b) after treatment with
1% solution of A-alumoxane nanoparticles and (c) after sintering to
1000◦C.
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high ceramic yield (ca. 76%) minimizes shrinkage upon
thermolysis; (2) an average particle size at neutral pH
of 28 nm allows for infiltration into the pores of the
chosen substrate [18]; (3) a high solubility in water of
0.20 g mL−1 allows for aqueous processing [8].

Figure 3 SEM images (× 50,000) of the top surface of a commercial α-alumina support (a) before treatment and (b) after infiltration and sintering to
1000◦C, showing the full infiltration of voids and planaraization of the surface.

Figure 4 SEM image of a cross section of a treated commercial α-alumina support.

On the basis of SEM (Fig. 1b) and AFM (Fig. 2b)
measurements the surface roughness decreases from
>0.6 µm of the untreated substrate to ca. 100 nm after
air drying the alumoxane treated substrate. After firing
the samples to 1000◦C (Fig. 1c), the surface roughness
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increases slightly to ca. 200 nm (Fig. 2c), presum-
ably due to the shrinkage of the infiltrated material
upon pyrolysis. The lowest roughness obtained with
1 wt% solutions is ca. 100 nm after two dip-and-fire

Figure 5 A bar graph showing the Vickers hardness of α-alumina sup-
port before and after each dip treatment with 1 wt% ( ) and 6 wt% ( )
alumoxane solution and the subsequent thermolysis to 1000◦C.

Figure 6 SEM image of the surface of (a) an α-alumina support and (b) a A-alumoxane treated support after micro-indention testing.

sequences. No further improvement is observed with
further dip and fire sequences.

A comparison of the surface pre- and post-infiltration
is shown in Fig. 3. It may be clearly seen that full infiltra-
tion of voids has been accomplished and planarization
of the surface has resulted. The infiltrated material has
a microstructure consisting of highly uniform grains
ca. 25 nm in size, consistent with the uniform nanopar-
ticulate nature of the A-alumoxane. Based upon sepa-
rate sintering studies, firing the A-alumoxane to 1000◦C
results in a mixed phase material consisting of predom-
inantly θ -Al2O3 (JCPDS # 35-0121) and minor com-
ponent of α-Al2O3 (JCPDS # 42-1468) [25].

SEM images of a cleaved cross section (e.g., Fig. 4)
indicate that the infiltration is limited to a surface layer
of between 1–2 µm in depth. A decrease in infiltration
is observed with depth from the surface of the substrate.
The surface of the substrate is fully infiltrated, but, be-
low ca. 2 µm, the bulk of the substrate is unaffected.
The surface infiltration process results in a graded in-
terface, shown in Fig. 4.

The hardness of the untreated substrate was
determined to be 2.13 ± 0.03 G Nm−2. This is
within the range expected from the temperature at
which the substrates are sintered during fabrication
(1000◦C). As expected, the hardness of the surface de-
creases after dip-coating with the alumoxane solution
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(1.5 ± 0.2 G Nm−2), due to the relatively soft nature
of the alumoxane nanoparticles (ca. 0.88 G Nm−2 for
a film of A-alumoxane formed by evaporation of an
aqueous solution [8]). Upon thermolysis, the hardness
increases to 2.2 ± 0.6 G Nm−2. Each dip coat treatment
with the alumoxane solution results in an appropriate

Figure 7 SEM image of the surface of an α-alumina support after dip treatments with an aqueous 6 wt% solution of A-alumoxane, showing the
presence of extensive cracking in some areas.

Figure 8 SEM image of the surface of an intentionally damaged α-alumina support after treatment with an aqueous 6 wt% solution of A-alumoxane.

decrease in hardness, which then increases with the fir-
ing step, see Fig. 5. The microhardness is not expected
to rise significantly due to the small area of measure-
ment, but the surface density is expected to rise due to
the infilling of the surface pores. As expected, thermol-
ysis of the alumoxane nanoparticle infiltrated substrate
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to 1400◦C for 12 hours results in a further increase
in hardness (10.5 ± 0.5 G Nm−2). A similar, but more
variable, result is obtained by sintering the untreated
substrate under the same conditions (12 ± 3 G Nm−2).
Interestingly, infiltration of a previously sintered sub-
strate results in a significant further improvement in
hardness (>15 ± 4 G Nm−2).

The α-alumina substrates are coarse grained, and as
such, grain dislodgment and intergranular microfrac-
ture occur during impact or mechanical stresses. For
example, significant grain dislodgment is seen to oc-
cur during hardness measurements in which stress is
applied to the surface (Fig. 6a). In contrast, when the
finely granular ceramic formed from the A-alumoxane
is infiltrated into the surface of the ceramic body, the
small particles (Fig. 3b) act as a binder towards the large
grains of the substrate (i.e., Fig. 3a), weaving around
and between the grains. Therefore, when a force is ap-
plied to the ceramic surface, the smaller particle size
ceramic prohibits grain dislodgment, by decreasing sur-
face porosity and increasing the surface area, through
infiltration between the coarse grains of the surface.
Although cracking occurs after micro-indention test-
ing (Fig. 6b) there appears to be no grain dislodgment.
Furthermore, no spallation is observed, confirming that
the treatment results in infiltration rather than a coating.

Substrates treated using a 6 wt% solution of the alu-
moxane nanoparticles were observed to have a high
fraction of defects (cracks, agglomerates, etc.), presum-
ably due to non-uniform drying (e.g., Fig. 7). This is
continued through the sintering step as may be seen in
the SEM images. A second problem with 6 wt% so-
lution is that hardness is lower after the first dip and
fire treatment and only returns to the original level after
multiple dip and fire cycles (Fig. 5). These effects sug-
gest that the 6 wt% solution primarily results in coating
rather than infiltration of the substrate’s surface layer.
Thus, it appears that the 1 wt% solution of A-alumoxane
nanoparticles is most suited for the surface repair of
<10 µm porosity and/or damage.

Despite the microscopic roughness, the
RefractronTM α-alumina substrates have only small
macroscopic defects. To determine the suitability of
this method for macroscopic damage, as would be
associated with machining, 50 µm wide, 2 µm deep
scratches were made into the surface. Infiltration
with 1 wt% solutions of alumoxane nanoparticles did
not significantly effect these large features, except
after multiple dip and fire sequences. In contrast, the
6 wt% solutions give better infiltration (coating) of
damage in the 100–150 µm range. AFM measurements
show microscopic roughness isn’t any different, but
macroscopic damage is improved giving a slight
shadow (Fig. 8a). In addition, SEM images show that
as damage features decrease some cracking of “in-fill”
area is observed if drying is too fast (e.g., Fig. 8b).

Thus, there appears to be a trade-off with the use of
various wt% solutions of the alumoxane nanoparticles
between macroscopic damage repair and microscopic
surface infiltration. The solution to this dichotomy is
to use of 6 wt% solution with a subsequent 1 wt%
treatment to repair 15–20 µm cracks. We have pre-

viously shown that cracks that occur in rapid drying of
SiC and sapphire fibers can be repaired in this manner
[23, 24].

4. Conclusions
The carboxylate-alumoxane nanoparticles are a novel,
environmentally benign alumina precursor for the sur-
face repair of porous and/or damaged ceramic surfaces.
Initial studies indicate that lower concentration aque-
ous solutions (1 wt%) are more efficient at infiltration
of <10 µm features. Although higher concentration
solutions allow for repair of large features, significant
cracking can occur due to rapid solvent evaporation
(that must be subsequently treated). Surface roughness
can be improved with up to two or three treatments, but
no further improvement is seen with subsequent dip
and fire cycles. The alumoxane nanoparticle treatment
results in the infiltration of the surface and a graded
interface with the bulk porous substrate, rather than a
coating.

The ability to use the alumoxane nanoparticles to in-
fill <10 µm features suggests that this methodology
may also be used for planarization or isolation layers in
electronic devices. It should be noted that while the di-
electric constant (ε) of the alumoxane is 2.5 (@ 103 Hz),
the alumina formed upon thermolysis has the expected
value (4.5–8.4 @ 106 Hz).

The present study is concerned with surface infil-
tration, as opposed to full infiltration of the ceramic
body. Given the ability of the alumoxane nanoparticles
to be doped with a variety of metals [15, 16], and their
subsequent mild conversion to phase pure aluminates,
our future work will be aimed at the full infiltration
of a porous alumina substrate with heterometallic alu-
moxane nanoparticles (e.g., yttrium doped alumoxane)
such that upon thermolysis the resulting material will
be an alumina/aluminate composite (e.g., Al2O3/YAG
and Al2O3/LaAlO3). These results will be presented
elsewhere [21].
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