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Al2O3/25 vol% LaAl11O18 composites were prepared by pressureless sintering at 1550◦C
with composite powders obtained by copercipiated method using La(NO3) · 6H2O and
Al(NO3)3 · 9H2O as starting materials. The enhanced reactive activity of Al2O3 and chemically
homogeneous mixing of the constituents made LaAl11O18 phase to be formed at low
temperature in composite powders. AlF3 additive was used to reduce the transformation
temperature of transition alumina. The LaAl11O18 grains in the composite powder obtained
at 1500◦C showed rodlike morphology distributed homogeneously in Al2O3 powder. The
samples sintered at 1550◦C for 4 h with CAS (CaO-Al2O3-SiO2) sintering aid can obtain a
high relative density. The effects of the sintering time on the grain growth of Al2O3 and the
fracture toughness of the composites were studied and the results showed that LaAl11O18

grains reduced the growth of Al2O3 grains and the rodlike grains increased the fracture
toughness. The improvement in fracture toughness of the composites was mainly
attributed to the mechanism of crack deflection. C© 2001 Kluwer Academic Publishers

1. Introduction
Because of its attractive properties of high melting
point, high wear resistance, excellent electrical resis-
tively and chemical durability as well as its low cost
availability of raw materials. Alumina is one of the
most important materials for use in structural, electri-
cal, optical and biomedical application [1]. However,
the biggest obstacle for wider applications is its brit-
tle failure under mechanical or thermal stress. Effects
have been made to further improve its toughness and
thermal shock resistance, which can be realized by in
situ formation of second phases during sintering [2, 3].
Recently, some researchers have developed in situ for-
mation platelike LaAl11O18 reinforcing Al2O3 compos-
ite because of its compatibility with layer aluminate
compound of LaAl11O18. For example, Kanzaki [4]
prepared high-strength and high-fracture-toughness
Al2O3/LaAl11O18 composite by reaction of LaAlO3
and Al2O3 with addition of silica sol. Chen [5] devel-
oped in situ formation Al2O3/LaAl11O18 composite by
using Al2O3 powder and La(NO3)3 · 9H2O as the start-
ing materials. Kishi [6] fabricated Al2O3/LaAl11O18
composite by hot-pressing sintering using La2O3 and
Al2O3 powders as starting materials and Messing [7]
used a boehmite sol and La(NO3)3 · 6H2O to prepare
the Al2O3/LaAl11O18 composite by sol-gel method.
These methods need either high solid synthesis temper-
atures or complex processing and long-time consump-
tion, which pose some barriers to commercialization.

The objective of this study was to fabricate Al2O3/
LaAl11O18 composites by a copercipiated method us-
ing Al(NO3)3 · 9H2O and La(NO3)3 · 6H2O as starting
materials and this paper presented the characteristics
of the synthesized powders and the sintered samples.

2. Experimental procedure
The Al2O3/25 vol% LaAl11O18 powders were syn-
thesized by firstly dissolving Al(NO3)3 · 9H2O and
La(NO3)3 · 6H2O in distilled water, respectively and
then mixed to yield precipitate by adjusting the pH value
of the solution to 9–10 with NH3 · H2O solution. The
precipitate was aged, filtered and washed with distilled
water and ethanol, respectively. After drying, the dried
gel was milled with ethanol by adding a little amount
of AlF3 in high purity alumina mediums and then again
dried. The composite powders can be obtained by cal-
cining the dried gel for 1 h at different temperatures.

The composite powders obtained by calcining the
dried gel for 1 h at 1200◦C and 1500◦C respectively,
were ball-milled in ethanol for 24 h with 0.1 wt% CAS
(CaO-Al2O3-SiO2) sintering additive, then dried and
uniaxially pressed at 500 MPa, and sintered at 1550◦C
for different sintering time. The average particle size
of the powder after ball-milling step, analyzed using
a Mastersizer 2000 Ver. analyzer, was 0.6 µm and
1.8 µm, respectively.

The powder phases were identified by X-ray diffrac-
tion (D/max-radiffractometer, Japan) with Ni filtered
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Cu Kα radiation. The calcined powders and the etched
sintered samples were observed using SEM (EPMA-
8705QHz, Japan). TEM (JEM-400cx, JEOL, Japan)
was used for the analysis of the platelike grains.

The densities of sintered samples were determined
by the Archimedes method. The fracture toughness
was measured by the Vickers Indentation (AKASHI).
The formula used for calculating KIC was expressed as
KIC = A(E/H )1/2(P/c2/3). A minimum of six speci-
mens was tested to obtained a single datum. Grain size
of sintered samples was measured from SEM micro-
graphs by using the lineal intercept technique using at
least 200 grains for each sample.

3. Results and discussion
3.1. The calcined powder characteristics
The XRD patterns of the gel calcined at different tem-
peratures between 800◦C and 1500◦C were shown in
Fig. 1. The pattern of the powder obtained at 800◦C
exhibited diffraction peak of γ -Al2O3 and amorphous
background with a little amount of α-Al2O3 phase, and
the peaks of LaAlO3, LaAl11O18 and α-Al2O3 phase
were observed by calcining dried gel at 1200◦C. The

Figure 1 XRD patterns of powders calcined at different temperatures.

Figure 2 SEM micrograph of powder A.

Figure 3 SEM micrograph of powder B.

SEM micrograph showed that the powder calcined at
1200◦C (designated as powder A) appeared to be ho-
mogenous and consisted of small equiaxed grains with
a size of 0.2 µm, as shown in Fig. 2. The patterns for
the powders obtained at 1400◦C and 1500◦C showed
well-defined peaks of LaAl11O18 and α-Al2O3, and the
degree of crystallinity at 1500◦C was much higher. It
was suggested that the intermediate phase of LaAlO3
formed at low temperature can be transformed into
LaAl11O18 at higher temperature. La3+ has a stabilizing
effect on the transition alumina because of its incorpo-
ration in the transition alumina [8], but the addition of
AlF3 and milling with high purity alumina mediums can
reduce the transformation temperature of transition alu-
mina [9, 10]. So transition alumina can be transformed
into α-Al2O3 at lower temperature and enhanced the
reactive activity of α-Al2O3 with La2O3 and LaAlO3.
The rodlike grains with average aspect ratio 3–5 dis-
tributed homogeneously in the matrix powder calcined
at 1500◦C (designated as powder B) can be seen from
the SEM micrograph, as shown in Fig. 3, necking can
be seen from the micrograph due to the higher calcining
temperature. The XRD analysis and TEM indicated that
the rodlike grains are LaAl11O18, as shown in Fig. 4.

3.2. The sintering and microstructural
characteristics of samples

Fig. 5 shows the relative densities of samples sintered
at 1550◦C versus the sintering time. The theoretical
density of Al2O3/25 vol% LaAl11O18 composite esti-
mated by the lever rule from the true density of each
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Figure 4 TEM micrograph and SAED pattern of rodlike LaAl11O18.

Figure 5 Relative density of the samples sintered at 1550◦C.

compound (Al2O3: 3.98 g/cm3, LaAl11O18: 4.17 g/cm3)
is 4.03 g/cm3 [11]. It can be seen from Fig. 5 that the
relative densities of the samples sintered with powder
B at 1550◦C for 4 h can reach ≥95%. It is known that
an elongated second phase in matrix powder can inhibit
densification and make it difficult to achieve full den-
sity [11], but in this experiment the rodlike LaAl11O18
grains distributed in Al2O3 composite powder prepared
by copercipiated method can be sintered to a relatively
high density. It was due to that the enhanced reactive ac-
tivity of powders, the high shape-forming pressure and
the CAS liquid-forming additive improved the densi-
fication. The composite powder A can be sintered to
≥98% because of the finer equiaxed active grains. Al-
though small pores were present, the densities of the
composites were found to be close to theoretical den-
sity, indicating that the total pore volume was very
small.

The formation of LaAl11O18 in the samples sintered
with powder A at 1550◦C, inhibited the grain growth of
Al2O3 and narrowed the grain size distribution, mak-
ing the composite matrix more uniformly structured.
The microstructure of sample sintered at 1550◦C for
6 h was shown in Fig. 6. It was known that addition
of CaO and SiO2 in Al2O3 powder could create favor-
ably kinetic conditions for anisotropic grain growth of
Al2O3 during sintering [13, 14]. In this experiment the
CAS additive can not make Al2O3 grains to be rodlike
due to that the second phase LaAl11O18 inhibited the

Figure 6 SEM micrograph of sample sintered with powder A at 1550◦C
for 6 h.

Figure 7 XRD pattern of sintered sample with powder A at 1550◦C
for 2 h.

grain boundary movement. But, the CAS additive was
formed liquid-phase at the sintering temperature, so can
promote densification of the composites. The different
microstructures of samples sintered with powder A and
powder B were thought to be attributed to the conditions
for the synthesis and growth of LaAl11O18 grains. The
formation of LaAl11O18 in powder B occurred during
calcining process, LaAl11O18 grain growth had large
room and was easy to became rodlike. However, the
LaAl11O18 in powder A was formed during sintering
green compacts, the XRD patterns shown in Fig. 7, the
room was narrow and made LaAl11O18 difficult to be-
come rodlike.

Table I shows the result of average Al2O3 grain size
of sintered samples with power A. Fig. 8 showed the In
scale relationship between the grain size and the sinter-
ing time. The above results indicated that with increas-
ing the sintering time, Al2O3 grains became larger and
coalescence of LaAl11O18 was formed at Al2O3 grain
boundaries due to necking. The grain growth of Al2O3
is expressed by the empirical equation:

Gn − Gn
0 = kt

G is grain size after time t and G0 is the initial grain
size, k is rate constants, the growth exponent, n, was

TABLE I Average Al2O3 grain size of the samples sintered with
powder A at 1550◦C

Sintering time (h) 0.5 1 2 4 6
Grain size (µm) 3.0 3.5 4.3 4.9 5.6
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Figure 8 Ln scale dependence of Al2O3 average grain size of samples
sintered with powder A at 1550◦C on the sintering time.

Figure 9 The fracture toughness of the samples sintered with powder B
at 1550◦C.

experimentally determined about n = 4. It indicated
that the mechanism of grain growth of Al2O3 was
boundary control through coalescence of second phase
by grain boundary diffusion, because in this situation
the growth exponent n is 4 [15].

3.3. The fracture behaviors
of the composites

The fracture toughness of the composites prepared from
powder B versus the sintering time was shown in Fig. 9.
It can be noted that the fracture toughness increased
with increasing the sintering time to 4 h and an optimal
toughness was obtained for the composites sintered at
1550◦C for 4 h. The peak toughness was attributed to
the optimal interface strength between Al2O3 and
LaAl11O18 and the grain size of Al2O3. It was suggested
from above results that after sintering for 2 h, further
prolonging the sintering time can not increase the grain
size of Al2O3 significantly, and might make the inter-
faces bonding between Al2O3 and LaAl11O18 stronger
because of interaction at the interfaces, which resulted
in slighter decrease of the fracture toughness [16]. It
is known that strong bonding in interfaces and finer
grain microstructures show lower fracture toughness
[17]. The SEM image of the crack traces introduced by
Vickers Indentation on the surface of the composite sin-
tered with powder B at 1550◦C for 4 h was illustrated

Figure 10 SEM micrograph of the crack propagation of the sample sin-
tered with powder B.

in Fig. 10. The distribution of LaAl11O18 was quite uni-
form and can be easily distinguished because they con-
tain lanthanum, resulting in bright image. The results
revealed that the crack propagated through LaAl11O18
phase, deflected around coalesced LaAl11O18 and along
phase interface because of weak bonding to the matrix.

4. Conclusions
1. Rodlike LaAl11O18 grains distributed homoge-

neously in Al2O3 powder can be synthesized by calcin-
ing the dried gel at 1500◦C for 1 h and finer equiaxed
LaAlO3, LaAl11O18 and α-Al2O3 grains were formed
at 1200◦C. The gel was obtained by a coprecipitated
method using Al(NO3)3 · 9H2O and La(NO3)3 · 6H2O
as the starting materials.

2. The composite powders obtained at 1200◦C (pow-
der A) and 1500◦C (powder B) can be sintered to a high
density at 1550◦C for 4 h with the CAS additive. The
sinterability of powder A was better than powder B be-
cause of the finer equiaxed grains. The SEM results
showed that powder A and B had different microstruc-
tures, because of different characters of the composite
powders.

3. The in situ reinforced Al2O3/LaAl11O18 compos-
ites were fabricated using the powder B and the compos-
ites sintered at 1550◦C for 4 h exhibited a peak tough-
ness of 4.3 ± 0.4 MPa · m1/2. This was mainly due to
that the rodlike LaAl11O18 grains made the crack to
deflect.

4. In situ synthesis reinforcements in matrix is an ef-
fective and promising approach to fabricate the whisker
or platelets reinforced composites and can overcome
the shortcomings of the conventional processes.
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