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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 infiltration of
porous α-alumina bodies in order to produce composite structures with homo-interfaces
between substrate and infiltrate. Alternatively, if metal doped-methoxy(ethoxyethoxy)acetic
acid-functionalized alumina nanoparticles (M-doped MEEA-alumoxane; M = Ca, Er, La, Ti,
and Y), with an average particle size of 67 nm, are used in combination with A-alumoxane,
a hetero-interface is formed between substrate and infiltrate. Samples were characterized
by SEM, BJH, hardness and bend strength measurements. The bulk hardness of the
α-alumina substrates increases with sintering temperature, but this increase is significantly
smaller than the effect of infiltration. The composite hardness generally increases with
decreased average pore size although the exceptions to this trend suggest that the identity
of the infiltrate is of equal or greater importance. Overall the hetero-interfaces show higher
strength than the homo-interface; the latter showing only slightly better performance than
high temperature sintering. For the samples fired at 1000◦C, the MgAl2O4/Al2O3 and
CaAl12O19/Al2O3 combinations appear to provide the greatest enhancement, with both the
LaAl11O18/Al2O3 and Y3Al5O12/Al2O3 hetero-interface samples show marked increase in
hardness between 1000 and 1400◦C. The elastic modulus and bend strength of the
α-alumina substrate increases significantly for the Er6Al10O24/Al2O3 and LaAl11O18/Al2O3

infiltrates. The identity of the hetero-interface has a significant effect on the bulk properties
of the composite. C© 2003 Kluwer Academic Publishers

1. Introduction
Alumina based ceramics are used in a wide range of
high performance applications because of their high
thermal stability, and chemical and oxidation resistance
[1, 2]. Unfortunately, because of the “hot press” fabri-
cation methods commonly employed for ceramic bod-
ies, problems with the mechanical strength of the body
may arise [3, 4]. Hot pressing ceramic particles gener-
ally results in significant pore formation due to voids
between the individual particles. Extensive porosity de-
creases the mechanical strength of the ceramic body
since, for a specific material, porosity is inversely re-
lated to strength [5].

High porosity reduces the cross-sectional area of the
ceramic, such that, when a load is applied, the amount of
area able to carry the load is reduced; this results in low
mechanical strength of the ceramic body. An additional
problem associated with hot pressed alumina based
ceramics is that they are often coarsely grained. In-
tergranular microfracture and grain dislodgment occur
for coarse grained aluminas, which causes detrimental
effects on mechanical properties and material perfor-
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mance [6]. Fracture toughness and hardness are impor-
tant mechanical properties in the wear of alumina based
ceramics [7]; improving toughness can improve wear
resistance [8]. There are several strengthening mech-
anisms currently proposed: phase transformation (sin-
tering), second particle enforcement (infiltration), fiber
reinforcement [9], and the use of a pre-ceramic polymer
as the binder to minimize porosity [10]. Sintering or in-
filtration are also possible solutions to pore reduction.

The traditional approach to porosity reduction is to
heat the preform at elevated temperatures with long
dwell times thus promoting grain growth, which de-
creases porosity. While sintering produces a dense, and
in turn strong ceramic, there are drawbacks, includ-
ing: possible phase changes, shrinkage, and energy con-
sumption. As an alternative, porosity can be reduced by
infiltrating the porous ceramic body with pre-ceramic
materials. Pore reduction is fulfilled not through grain
growth, but by adding mass to the body, which in-
creases the density and hence strength. Infiltration may
be accomplished by either vapor reactions or sol-gel
techniques.
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Figure 1 Schematic representation of the formation of a homo-interface through infiltration of a porous alumina ceramic body with an alumina
pre-ceramic, and the formation of a hetero-interface through infiltration with a lanthanum aluminate pre-ceramic.

If an alumina body is infiltrated by an alumina form-
ing pre-ceramic material, then upon thermolysis, alu-
mina is formed on the inside of the pores of the alu-
mina body. Porosity is reduced through infiltration of
the ceramic body with the same ceramic material, i.e.,
a homo-interface is formed between substrate and in-
filtrate (Fig. 1). Alternatively, if upon thermolysis the
pre-ceramic forms a material with a different chemi-
cal composition than the substrate, a hetero-interface is
formed between substrate and infiltrate (Fig. 1). The
hetero-interface can be formed with a material that
binds weakly to the inside of the porous body, so to
deflect cracks and reduce crack propagation upon im-
pact, which is needed to develop tough, strong ceramics
[8, 11, 12].

For infiltration to be successful, the infiltrate should
have certain requirements. To strengthen the whole
porous ceramic body, the infiltration process should
be continuous throughout [13]. It is desirable for the
pre-ceramic to dissolve in aqueous media for environ-
mentally benign processing. For porous bodies with
relatively small pores, a small particle size is needed to
successfully infiltrate and decrease porosity. High ce-
ramic yield is also desirable when trying to deposit the
greatest amount of mass for near pore reduction. So-
lution infiltration offers a simpler processing technique
than some vapor methods. The usual method of infiltra-
tion from solution is the sol-gel method. The ceramic
yield for sols is often low causing extensive shrinkage
and cracking. Furthermore, the typical alumina-based
sol has a large particle size distribution and uses organic
solvents or strong mineral acids [1, 14].

We have previously demonstrated that water sol-
uble carboxylate-substituted alumina nanoparticles
(carboxylate-alumoxanes) may be readily prepared
with a narrow particle size distribution and a high ce-
ramic yield [10]. In addition, we have shown that these
nanoparticles may be reacted with metal complexes to
form metal doped nanoparticles, by way of a transmeta-
lation reaction, upon thermolysis forming mixed metal
oxides [15, 16]. Furthermore, we have found that aque-
ous solutions of carboxylate-alumoxanes nanoparticles
may be used for the fabrication of highly uniform alu-
minate interface coatings for SiC and sapphire fiber re-
inforced ceramic matrix composites [17, 18] as well as
for the surface repair of porous and damaged alumina
bodies [19]. Herein we report the application of alu-
moxanes nanoparticles and metal-doped alumoxanes
nanoparticles for the strengthening of porous alumina
bodies.

2. Experimental procedure
2.1. General
Research grade boehmite (Catapal-B) was provided by
Vista Chemical Company. Porous hot pressed α-Al2O3
discs were obtained from Refractron Technologies
Corp. (Newark, NJ). Acetic acid (A-H), methoxy-
(ethoxyethoxy)acetic acid (MEEA-H, I) and La(acac)3
(Fisher Scientific, Fluka and Strem Chemical, respec-
tively) were used without further purification. MEEA-
alumoxane, A-alumoxane, and Ca-, Er-, La-, Ti-, and
Y-doped MEEA-alumoxanes were prepared by previ-
ously published methods [15, 16]. Standard aqueous
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solutions of 1% wt A-alumoxane and 10% wt La-
MEEA-alumoxane were prepared by stirring the alu-
moxane in DI water until completely dissolved and then
centrifuged to 3500 rpm for 1 hour to remove excess
air bubbles and unreacted boehmite. The solutions may
be stored indefinitely until time of use.

HO
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Scanning electron microscopy studies were per-
formed on a Phillips XL-30 ESEM at 15 kV. The sam-
ples were mounted on carbon tape and sputter coated
with gold. Cross-sections of the infiltrated ceramics
were performed to address the success of full infiltra-
tion. SEM images of the surface determined the sur-
face roughness, and the progress of infiltration. Electron
probe microanalysis was performed on a Cameca SX50
Electron Microprobe using imaging techniques of sec-
ondary electron emission (topology, morphology), and
wavelength dispersive X-ray distribution maps (ele-
mental maps). The elemental maps were used to de-
termine uniformity of infiltration and the location of
the lanthanum and aluminum on the interior to confirm
capillary infiltration had occurred. Surface area analysis
was performed on Coulter SA 3100 BET analyzer using
N2 gas adsorption. The samples were outgassed under
nitrogen for 1 hour at 200◦C before analysis. 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. Five inden-
tation measurements were performed on each sample.
Powder X-ray diffraction patterns of A-alumoxane and
La-doped MEEA-alumoxane were determined by using
a Siemens Diffractometer. The detected patterns con-
firm the crystalline α-Al2O3 and LaAlO3 phases. Sam-
ples of A-alumoxane and La-doped MEEA-alumoxane
were fired to 1400◦C with holding times of 5 hours be-
fore analysis. The elastic modulus and bending strength
determination was conducted on Satec Systems In-
stron 5565 with a crosshead speed of 0.2 mm/min
and loading span of 20 mm. The sample size was

Figure 2 Schematic representation of cappilary infiltration process.

25 ± 1.5 mm × 6.5 ± 1.2 mm × 2 ± 0.3 mm according
to ATSM standard C1161-94. To obtain correct sam-
ple dimensions the samples were sliced with a dia-
mond blade saw with water as the lubricant. A min-
imum of ten measurements were made for each sample
condition.

2.2. Heat treatment of porous
α-Al2O3 substrate

An α-alumina substrate was washed in acetone and
heated to 600◦C to remove surface grease. The sub-
strates were then sintered to 1400◦C over 7 hours with
a dwell time of 5 or 12 hours. These samples repli-
cate sintering a hot pressed substrate to increase grain
growth and decrease porosity.

2.3. Homo-interface: Infiltration
of A-alumoxane into porous
α-Al2O3 substrates

Infiltration by a 1% wt solution of A-alumoxane was
used to form the homo-interface within the pores of
the α-Al2O3 ceramic body. Substrates were washed
in acetone and heated to 600◦C to remove surface
grease. Once cooled to room temperature, they were
then placed in the A-alumoxane solution, making sure
the solution did not cover the top surface of the samples.
This procedure was to ensure that infiltration occurred
only by capillary action. Infiltration was continued un-
til the top surface was covered with the solution ensur-
ing complete and reproducible infiltration. A schematic
representation of the infiltration process is shown in
Fig. 2. Infiltration time was 1 hour under vacuum. The
samples were allowed to air dry for 1 day before firing
to 1000◦C with a 5 hour dwell time. This infiltration, air
dry, and firing sequence was conducted 10 times. One
set of samples was subsequently sintered to 1400◦C
with a 5 hour dwell time.

2.4. Hetero-interface: Infiltration
of lanthanum-doped MEEA-alumoxane
and A-alumoxane into porous α-Al2O3
substrates

A 10% wt La-MEEA-alumoxane solution was used to
form the hetero-interface. Substrates were washed in
acetone and heated to 600◦C to remove surface grease.
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T ABL E I Summary of synthetic methods and the physical data for the ceramic products from the infiltration of alumoxane and metal-doped
alumoxane into porous alumina substrates

Hv

Infiltrate T (◦C)
Time
(hours)

Average pore
diameter (nm) surfacea bulka,b

Elastic modulus
(103 MPa)a

Bend strength
(MPa)a

None n/a n/a 47 370 ± 20 310 ± 40 28 ± 1 90 ± 10
None 1400 5 48 400 ± 40 490 ± 50 33 ± 1 90 ± 10
None 1400 12 27 470 ± 40 550 ± 30 57 ± 1 170 ± 20
Al2O3 1000 5 36 350 ± 20 630 ± 20 34 ± 1 100 ± 10
Al2O3 1400 5 37 500 ± 30 660 ± 40 37 ± 3 90 ± 10
LaAlO3/Al2O3 1000 5 35 260 ± 15 700 ± 30 37 ± 2 100 ± 10
LaAlO3/Al2O3 1400 5 27 620 ± 30 740 ± 30 36 ± 1 120 ± 10
CaAl12O19/Al2O3 1000 5 46 130 ± 8 1100 ± 50 33 ± 1 110 ± 10
CaAl12O19/Al2O3 1400 5 13 470 ± 20 960 ± 30 41 ± 5 140 ± 20
Er6Al10O24/Al2O3 1000 5 21 200 ± 5 880 ± 40 50 ± 10 140 ± 20
Er6Al10O24/Al2O3 1400 5 7 250 ± 20 880 ± 10 60 ± 10 140 ± 10
LaAl11O18/Al2O3 1000 5 18 290 ± 8 870 ± 60 60 ± 10 150 ± 20
LaAl11O18/Al2O3 1400 5 30 280 ± 40 1300 ± 100 60 ± 10 130 ± 10
MgAl2O4/Al2O3 1000 5 35 220 ± 10 1170 ± 80 42 ± 4 100 ± 10
MgAl2O4/Al2O3 1400 5 24 260 ± 30 1120 ± 40 40 ± 10 100 ± 20
Al2TiO5/Al2O3 1000 5 41 275 ± 30 570 ± 30 41 ± 2 130 ± 10
Al2TiO5/Al2O3 1400 5 23 410 ± 60 560 ± 30 53 ± 1 180 ± 5
Y3Al5O12/Al2O3 1000 5 54 430 ± 30 631 ± 50 33 ± 1 130 ± 20
Y3Al5O12/Al2O3 1400 5 21 490 ± 20 900 ± 20 41 ± 5 120 ± 30

aAverage values over five samples.
bAverage values over five samples in both cross section and internal horizontal plane.

Once cooled to room temperature, substrate samples
were placed in the La-doped MEEA-alumoxane solu-
tion, and vacuum infiltrated for 1 hour. The samples
were allowed to dry in air before firing to 1000◦C with
a 5 hour dwell time. The infiltration/fire sequence was
carried out three times, after which infiltration was per-
formed using a 1% wt solution of A-alumoxane (for
1 hour). The samples were dried in air before firing
to 1000◦C with a 5 hour dwell time. One set of sam-
ples was subsequently sintered to 1400◦C with a 5 hour
dwell time.

Infiltration by other metal-doped MEEA-alumoxane
solutions was performed in a manner analogous to that
for LaAlO3. A summary of metal dopants and reaction
conditions is provided in Table I.

2.5. Synthesis of magnesium doped
MEEA-alumoxane and MgAl2O4

To a solution of MEEA-alumoxane (10 g) in water
(500 mL) was added a stoichiometric quantity of
Mg(acac)2 (15.5 g) dissolved in the same solvent. The
reaction was stirred at room temperature for 3 h fol-
lowed by removal of volatiles under vacuum. The solid
obtained was washed with Et2O to yield the Mg-doped
MEEA-alumoxane, which was dried in air. In order
to characterize the thermolysis products of the Mg-
doped MEEA-alumoxane, a sample was converted to
MgAl2O4 according to the following thermal series:
single step (ca. 50◦C · min−1) temperature ramp from
25◦C to 1000◦C in air followed by calcination for 4 h;
temperature ramp to 1400◦C at 2◦C · min−1 in air fol-
lowed by calcination for minimum 4 h. XRD confirmed
the formation of MgAl2O4 (JCPDS #21-1152).

2.6. Rate of infiltration
RefractronTM α-alumina support was sliced to spe-
cific dimensions, 25 ± 1.5 mm × 6.5 ± 1.2 mm × 2 ±

0.3 mm, and weighed before infiltration. A-alumoxane
of 1 wt% was used, and 0.1 M HCl or 0.1 M NaOH was
used to alter the pH. The sliced samples were placed
in the alumoxane solution and allowed to vacuum in-
filtrate. The first study looked at the rate of infiltration
over a period of 5 hours. From this, it was determined
that the rate does not change after 1 hour. Therefore,
samples were infiltrated for 1 hour, with weight mea-
surements taken every 10 minutes.

3. Results and discussion
RefractronTM α-alumina substrates are coarse grained
with average grain size of 100–500 nm, for which full
characterization is provided previously [20]. The aver-
age pore size (94 nm) and surface area (3.5 m2 · g−1) of
these substrates makes them a convenient candidate for
our infiltration studies. Nitrogen absorption revealed
a broad distribution of pores with a maximum pore
size over 150 nm (see Fig. 3). In comparison, the
A-alumoxane and La-doped MEEA-alumoxane nano-
particles (28 and 67 nm, respectively [21]) are suf-
ficiently small to enable easily infiltrate. To provide
a comparison with the homo and hetero-interface
infiltrations, samples of the α-alumina substrates were
sintered to 1400◦C for 5 and 12 hours (see Table I).

Samples of the α-alumina substrates were infiltrated
with A-alumoxane such that thermolysis (1000◦C)
resulted in the formation of a γ -alumina infiltrate
(2nd phase) and the reduction of porosity. The infil-
tration by alumina does not provide any chemical re-
inforcement, i.e., while grain boundaries will exist be-
tween the substrate and the infiltrate, the interface is
homophasic. In contrast, infiltration with the doped
alumoxanes (followed by the smaller sized undoped
alumoxane) is designed to result in the creation of a
mixed metal interphase (1st infiltrate) between the alu-
mina of the substrate and the 2nd infiltrate. For each
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Figure 3 Nitrogen adsorption BJH pore volume distribution of (a) the as
received α-alumina support, (b) after sintering to 1400◦C for 12 hours,
and (c) after infiltration with La-doped MEEA-alumoxane/A-alumoxane
and sintering at 1000◦C for 5 hours to give a LaAlO3/Al2O3 composite.

infiltration experiment, samples were heated to 1000◦C
or 1400◦C. Our previous work has shown that the alu-
moxane all decompose to a ceramic at temperatures sig-
nificantly below 1000◦C. However, some materials are

Figure 4 SEM images of the surface of (a) untreated α-alumina support and (b) after sintering to 1400◦C for 12 hours.

still amorphous at this temperature or undergo a phase
transformation among 1000 and 1400◦C, so samples for
each infiltrate were also sintered subjected to a second
sintering to 1400◦C. The choice of the 2nd mixed metal
phase was based upon our desire to investigate the effect
of (a) isomorphous materials with different chemical
compositions (e.g., LaAlO3 versus Al2O3), (b) layered
versus non-layered materials (e.g., LaAl11O18 versus
LaAlO3), and (c) phases that undergo crystallization or
phase changes between 1000 and 1400◦C.

For each sample the pore size distribution and aver-
age pore size were determined by BJH measurements.
Hardness measurements were made of bulk and surface
of each sample. Two separate measurements were made
to determine the bulk hardness; the vertical plane after
cross sectioning and the internal horizontal plane after
cleavage within the plane of the substrate. Finally, the
elastic modulus and bending strength were obtained.
In each case, measurements were made for at least five
samples and an average taken. Table I provides a sum-
mary of all the analytical data.

Sintering the, as received, α-alumina substrate to
1400◦C for 5 hours does not result in a significant
change in the average pore diameter, however, based
upon the pore size distribution there is a decrease in
the largest pores (>120 nm). As expected longer sin-
tering times (12 h) result in a noticeable decrease in the
average pore size, again, mainly being due to the clos-
ing of the largest pores and the creation of smaller pores
(ca. 20 nm), see Fig. 3b. As was noted above, grain
growth of the hot pressed ceramic particles is respon-
sible for the decrease in porosity. A comparison of the
SEM of an α-alumina substrate before and after sinter-
ing for 12 h to 1400◦C is consistent with modest grain
growth (Fig. 4).

The SEM images of α-alumina substrates infiltrated
with the alumoxane (before thermolysis) show the pres-
ence of significant additional material (Fig. 5). Al-
though, there is some shrinkage upon thermolysis and
sintering due to the loss of the organic component of the
alumoxanes, the ceramic infiltrate is clearly observed.
Cross sectional and surface SEM images confirm capil-
lary infiltration. Thus, it appears that the interior pores
are lined with the infiltrate ceramic for which a uni-
form distribution of the infiltrate may be confirmed,
in the case of the hetero-infiltrates, by the appropriate
elemental map (e.g., Fig. 6). Where the substrate has
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Figure 5 Cross-sectional SEM image of an α-alumina substrate infiltrated with A-alumoxane prior to thermolysis and sintering.

Figure 6 SEM of a cleaved α-alumina substrate infiltrated with LaAlO3/Al2O3 heterointerface (a) and (b) the associated lanthanum elemental map.

macroscopic cracks or defects, the infiltration appears
to successfully fill the entire void, see Fig. 7. For the
hetero-infiltrates the crystalline phase of the infiltrate
is confirmed by XRD in comparison with prior results
[16].

Infiltration with either A-alumoxane, or a combi-
nation of doped MEEA-alumoxane and A-alumoxane,
results in a modest but significant decrease in the aver-
age pore size (see Table I). Infiltration with the alumox-
anes appears to significantly reduce the fraction of pores
above 90 nm (Fig. 3c). Sintering the infiltrated samples
to 1400◦C further reduces the average pore size, how-
ever, it appears that some additional porosity between
1–10 nm is created due to the infiltrate itself (Table I).

The bulk hardness of the α-alumina substrates in-
creases with sintering temperature and time. The in-
crease is significantly smaller than the effect of infil-
tration, see Table I and Fig. 8. There appears to be no
clear trend between the average pore size and the bulk
hardness of the composites. The hardness generally in-
creases with decreased average pore size although the
exceptions to this trend suggest that the identity of the
infiltrate is of equal or greater importance. We note,

however, that the hardness is related more to the distri-
bution of pore sizes rather than the average.

Overall it is worth noting that the hetero-interfaces
show higher strength than the homo-interface; the
latter showing only slightly better performance than
high temperature sintering. For the samples fired
at 1000◦C, the MgAl2O4/Al2O3 and CaAl12O19/
Al2O3 combinations appear to provide the greatest en-
hancement, with the Er6Al10O24/Al2O3 and LaAl11O18/
Al2O3 infiltrates also offering significant results
(Fig. 9). Thus, the phase of the infiltrate appears to
be important in determining the hardness as opposed to
the infiltration per se.

Generally, sintering the infiltrated sample at 1400◦C
does not provide significant change, however, both
the LaAl11O18/Al2O3 and Y3Al5O12/Al2O3 hetero-
interface samples show marked increase in hardness
between 1000 and 1400◦C (Fig. 9). We have previ-
ously reported that firing Y-doped MEEA-alumoxane
nanoparticles to 1000◦C for 4 h yields a white solid
identified by XRD as YAG (JCPDS #33-0040), but
that further sintering to 1400◦C drastically increases
crystallinity and grain growth. We have also noted
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Figure 7 Cross-sectional SEM image of an α-alumina substrate infiltrated with A-alumoxane after sintering to 1000◦C showing the infiltration of a
macroscopic crack.

Figure 8 Pictorial representation of the measurements made to determine the bulk hardness by cross-sectioning the sample (a) along the internal
vertical plane and (b) along the internal horizontal plane.

Figure 9 Plot of (a) bulk and (b) surface hardness (Hv) for the α-alumina
substrate and infiltrated samples heated to 1000◦C and 1400◦C.

that extended sintering of La-doped MEEA-alumoxane
at 1400◦C produces highly crystalline phase pure
LaAl11O18(JCPDS #33-0699). We have not observed
significant grain growth for the other mixed metal ox-
ides prepared from doped alumoxanes, over the temper-
ature and times studied herein. It is possible that the sta-
tistically significant increase in bulk hardness observed
for both the LaAl11O18/Al2O3 and Y3Al5O12/Al2O3
hetero-interface samples upon sintering to 1400◦C are
due to rapid grain growth.

Whereas the hardness of the surface and interior of
the α-alumina substrate are similar (even after sinter-
ing), there is a significant difference between the values
obtained for the infiltrated samples. As may be seen
from Fig. 9b, the surface hardness for the infiltrated
samples fired to 1000◦C is lower than the substrate.
The reason for this decrease may be obtained from
the SEM images and AFM data for the surface. As
is exemplified in Fig. 2, the surfaces of the infiltrated
samples consist of a “spongy” layer of new material
with a small grain size. This “spongy” layer is clearly
seen in cross section (Fig. 10) and is approximately
5 µm in thickness. The coating is formed during in-
filtration as a result of capillary action that forced the
alumoxane solution through the entire interior of the ce-
ramic body until it reached the top, where it spilt onto
the surface, see Fig. 2. We have previously reported
that surface coatings may be applied to porous ceramic
substrates for membrane [20] or surface repair [19]
applications.
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Figure 10 Cross section SEM image of the spongy surface layer formed due to capillary infiltration.

A comparison of the surface and bulk hardness (Hv)
for the α-alumina substrate and infiltrated samples
heated to 1400◦C (Fig. 9) shows that while the hardness
of the new material increases with sintering tempera-
ture, it never approaches that of the same sample’s inte-
rior (bulk hardness). This suggests that the increases in
hardness observed for the hetero-interface composites
is a function of the composite structure rather than the
infiltrate materials alone.

The modulus and bend strength of the α-alumina
substrate increases slightly with sintering and infiltra-
tion (Table I); significant changes are only observed for
the Er6Al10O24/Al2O3 and LaAl11O18/Al2O3 infiltrates
and to a lesser extent Al2TiO5/Al2O3. A comparison
of the modulus and bend strengths for samples with
no infiltration, homo-infiltration and hetero-infiltration
of either LaAlO3/Al2O3 or LaAl11O18/Al2O3 (Fig. 11)
demonstrates the effects of infiltration and infiltration
phase. From Fig. 11a it can be seen that while homo-
infiltration and hetero-infiltration with LaAlO3/Al2O3
show little effect as compared to the base substrate,
the use of LaAl11O18/Al2O3 infiltration results in a
50% and 100% increase in bending strength and elastic
modulus, respectively. Thus, the identity of the hetero-
interface has a significant affect on the bulk properties
of the composite.

To determine the time needed for the infiltration of
carboxylate-alumoxanes into a porous alumina sub-
strate, measurements of the substrate’s weight gain over
time were performed at varying pH ranges; altering the
pH of the A-alumoxane solution will change the par-
ticle size of the resulting alumoxane [21]. For acidic
solutions, the particle size decreases, however, as the
pH increases, the particles agglomerate (Fig. 12).

Each solution was allowed to infiltrate into the sub-
strate for 5 hours, taking weight measurements every
30 minutes. It was found that after 1 hour, the weight
did not increase significantly, therefore, the amount of
mass the substrate can obtain at any given infiltration
is maximized after 1 hour. During the 1 hour sequence,
however, there is a steady increase in weight. Addi-
tionally there is also a change in the rate of infiltration
as the particle size changes. As the particle size in-
creases, the rate of infiltration decreases. The ability of

Figure 11 A comparison of the (a) elastic modulus (103 MPa) and
(b) bend strength (MPa) for the α-alumina substrate and lanthanum
aluminate infiltrated samples heated to 1000 and 1400◦C.

the larger particles to infiltrate into the substrate is hin-
dered, slowing the rate of infiltration of those particles
into the substrate. As the particle size decreases, upon
addition of acid, the rate decreases. The ability of the
smaller particle sizes to infiltrate into the large pores
of the substrate increases, but due to the lower mass
associated with smaller particles, the rate of infiltration
determined by the rate of mass change has decreased.
The particle size producing the optimum rate of infil-
tration into the porous substrate was determined to be
50 nm (see Fig. 13).
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Figure 12 Plot of particle size as a function of pH for A-alumoxane.

Figure 13 Plot showing the optimum particle size for maximization of
infiltration rate of A-alumoxane into a porous α-alumina substrate.

4. Conclusions
Our approach to decrease porosity is forming the Al2O3
homo-interface or the LaAlO3 hetero-interface by in-
filtrating with A-alumoxane or La-MEEA-alumoxane
nanoparticles, respectively. The ability for the alumox-
ane nanoparticles, either A-alumoxane or La-MEEA-
alumoxane, to infiltrate into to porous body allows for
the formation of the homo or the hetero-interface, and
aids in decreasing porosity and increasing strength.

Elastic modulus and bending strength also differ be-
tween a hot pressed ceramic, traditional method, and
our method of decreasing porosity. Strength of the tradi-
tionally treated sample increased in strength compared
to not firing, and is comparable to the formation of the
homo-interface. However, the hetero-interface sample
had the greatest increase in strength. The infiltration

of the hetero layer weakly bonds to the inside of the
pores. This enables for cracks to deflect and debonding
when a stress is applied so the sample will not collapse
and fail. Strength of the traditional method is compa-
rable to the homo-interface, but the homo method used
a lower firing temperature and shorter dwell time than
the traditional route.
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