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Abstract

A small amount of anorthite (2CaO.Al2O3SiO2) powder was placed on the top-center of the pure Al2O3 powder compact and
then sintered at 1600�C. During sintering some grains grew extensively along the radial direction from the liquid source. By con-
sidering an atomically smooth solid–liquid interface structure of alumina, grain growth controlled by 2-dimensional (2-D) nuclea-

tion was suggested. The elongation has been explained in terms of nucleation advantage of grain-boundary re-entrant edges
(GBRE) formed dominantly at non-basal planes. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Abnormal grain growth (AGG) during sintering of
alumina1�7 is generally due to the liquid forming impurities
such as CaO, SiO2 and TiO2. In the high purity alumina,
indeed, it was hard to observe AGG even after sintering at
1900�C.8 Furthermore, abnormally grown alumina grains
always exhibit well developed basal planes with a thin
intergranular film.9�12 On the other hand, Kolar13 sug-
gested that the uneven distribution of a small amount of
liquid, which brings about the coexistence of wet and
dry boundaries, is the primary cause of AGG.

It should be noted, however, that AGG in the presence
of liquid is a phenomenon only observed when the grains
are angular with flat interfaces. WC–Co,14,15 BaTiO3,

16,17

Si3N4,
18,19 SiC,20 mullite21 and B4C

22 are typical examples
of angular grains which exhibit AGG. When the grains
are spherical, such as W–Ni23 and MgO–CaMgSiO4,

24 no
AGG is observed to occur. Such a shape dependence of a
coarsening behavior has been explained25�30 in terms of
the atomic structure of the solid–liquid interface.

When the grains are spherical, the interface structure
is atomically rough. In this case, atomic attachment to

the interface has a negligible energy barrier so that the
coarsening process is controlled by diffusion through
the liquid. For angular grains with atomically smooth
interfaces, on the contrary, the ledge-generating sources
such as 2-dimensional (2-D) nucleation are necessary
for the atomic attachment. Due to significant energy
barrier for 2-D nucleation, only very large grains having
enough driving force for coarsening can grow. This
process has been suggested to be the mechanism of
AGG.15,17�19,25�30

In fact, Herring31 has suggested that the facet planes
would show a discontinuous variation in growth beha-
vior if coarsening by 2-D nucleation were involved.
Furthermore, Wynblatt et al.32,33 have shown that the
growth of faceted Pt particles on alumina substrates is
‘‘nucleation inhibited’’. Although they did not explicitly
mention the AGG behavior, their works are believed to
lay a base for the 2-D nucleation controlled coarsening
process which leads to AGG.

The flat basal plane of abnormally grown alumina
grains in the presence of liquid is the direct evidence of
an atomically smooth solid–liquid interface. In this
investigation, therefore, we examined AGG in alumina
on the basis of a 2-D nucleation mechanism. To obtain
the microstructure with various liquid concentrations at
a same time, a small amount of anorthite composition
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(2CaO+Al2O3+SiO2) powder was placed on top of an
alumina powder compact. A gradient in liquid con-
centration was expected to develop in the specimen. The
grain boundary re-entrant edge (GBRE) formed at non-
basal planes of alumina was suggested to cause an excep-
tional and anisotropic growth. As observed in NbC–Fe29

and TaC–TiC–Ni30 systems, the growth is accelerated
when the grain boundaries are formed because the energy
barrier for 2-D nucleation is markedly reduced at the re-
entrant edges.

2. Experimental procedure

Alumina powder (purity 99.995%, average particle size
0.4–0.7 mm, AKP 3000, Sumitomo Chemicals Ltd, Osaka,
Japan) with impurity levels of Si, Na, Mg, Cu and Fe of
20, 10, 10, 10 and 10 ppm, respectively, was used. Two
grams of the powder was slightly compacted into a
cylindrical specimen 15 mm in diameter and then pressed
hydrostatically at 150 MPa. The anorthite powder mix-
ture (2CaO+Al2O3+SiO2 in mole ratio) was prepared
by using CaCO3 (Yakuri Pure Chemicals, 1st grade,
Osaka, Japan), pure Al2O3 (AKP 3000) and SiO2 (pur-
ity 99%, Sigma Chemical Co., St Louis, USA) powders.

At the center of the top surface of the powder com-
pact, a very small amount of anorthite powder (less
than 0.01 g) was placed. The compact was then calcined
at 900�C for 30 m and sintered at 1600�C for up to 24 h.
The anorthite powder mixture became a point liquid
source during sintering and penetrated into the alumina
powder compact. The liquid concentration was expected
to have a gradient along the distance from the source.
The sintered specimens were cut along the diameter and
the vertical cross-sections were polished. The specimens
were observed by optical and scanning electron micro-
scopy after thermal etching at 1550�C for 30 m. Elec-
tron probe microanalysis (EPMA) was carried out to
determine the liquid distribution.

3. Results and discussions

The microstructure of the specimen after sintering at
1600�C for 0.5 h is shown in Fig. 1(a). It shows the
region near the point of liquid source. The liquid
formed at the top surface of the specimen has com-
pletely penetrated into the alumina. However, the pre-
sence of liquid was rather limited at the specimen
surface (about 500 mm in depth). It is probably due to
the dihedral angle which is greater than zero and con-
sequent entrapment of liquid at the triple boundary
junctions. High viscosity of liquid may also be the rea-
son. Note from Fig. 1(a) that the microstructure of the
surface region affected by liquid has much larger grains
compared to that of the interior. A small number of

elongated very large grains (length and width up to
around 800 and 100 mm, respectively) were also
observed to appear.

Fig. 1(b) is the microstructure of the same specimen
obtained after the heat-treatment for 24 h. It shows the
right-hand half of the cross-section; the left-hand half
was almost identical. This microstructure of the surface
region up to about 2500 mm in depth is quite unusual
with extensively grown abnormal grains. The elongated
grains with their lengths in the radial direction from the
liquid source strongly indicate that the anorthite liquid
plays an important role in the growth process.

For Fig. 1(b), three separate regions of different grain
sizes and shapes can be defined depending on the dis-
tance from the liquid source. In the region close to the
liquid source (region A), the grains are relatively large
and uniform in size distribution. Within the region,
however, the increase in average grain size with
increasing distance from the liquid is noted. In the sec-
ond region (region B), the grains become much larger
and elongated. This region starting 0.5–1 mm away
from the liquid source shows a typical microstructure of

Fig. 1. Microstructures of the A12O3 specimens sintered at 1600�C for

(a) 0.5 h and (b) 24 h.

318 S.-H. Lee et al. / Journal of the European Ceramic Society 22 (2002) 317–321



AGG. The average size of grains was �2000 and �300
mm in length and width, respectively. The third region
(region C) may represent the microstructure which was
unaffected by the liquid. In this region the grains are
again uniform in size and equiaxed. The average size of
grains was 10.5 mm, which is much finer than that of
region A. In fact, the microstructure of region C was
practically the same as that of the pure alumina speci-
men prepared without any liquid.

The microstructures shown in Fig. 1 clearly indicate
that grain growth is enhanced by the presence of liquid.
However, it should be noted that the grain size increased
with the distance from the liquid source i.e. with the
decrease of liquid content. In Fig. 1(b), for instance, an
appreciable amount of liquid was observed to exist in the
region A, but the liquid was almost absent in the region C.
Such radial concentration gradient of the liquid was also
checked through the area composition analysis of Ca by
using EPMA. The concentration of Ca in region A
(0.038 wt.%), approximately 0.1 mm away from liquid
source, was determined to be much higher than that of
the region C (0.009 wt.%). In this respect, the difference
in microstructure is believed to be due to the concentra-
tion gradient of the anorthite liquid.

The enhanced grain growth by the presence of liquid
implies that the mobility of the liquid film is higher than
that of the grain boundary. Note that the rate of mate-
rial transfer across the liquid film is higher than that
across the grain boundary. Variation of grain size
observed in Fig. 1(b) can also be related with the high
mobility of liquid film. The further the distance from the
liquid source, the lower the liquid content as well as the
fraction of liquid film. In this case, the number of grains
that can grow by liquid film migration becomes smaller
and consequently a larger average grain size is obtained.
In this respect, AGG that appeared in region B is likely
to be due to a very limited liquid content. When the
overall liquid content becomes lower than a certain
limit, only a few grains are expected to grow extensively.

For abnormally grown elongated alumina grains in
region B, the basal surface is flat and the non-basal
surface is mixed with curved and flat areas, as revealed
in the detailed microstructure of Fig. 2. As reported by
Kooy,34 the appearance of flat boundaries indicates the
presence of a continuous liquid phase at the boundaries.
Otherwise, the interface with various curvatures would
appear due to randomly oriented small matrix grains.
From Fig. 2 and observations using TEM,9�12 it is
believed that both a liquid film and grain boundary are
present at the interface of non-basal plane while the
liquid film is present at almost the entire interface of the
basal plane.

On the other hand, it is predicted from the aspect
ratio of abnormally grown elongated grains that the
mobility of the non-basal plane is about 7 times higher
than that of the basal planes. Due to such fast migration

of non-basal plane, not only the pores but also the grains
(indicated by an arrow in Fig. 2) were trapped. This
observation poses an interesting question: how the par-
tially wetted non-basal planes migrate at a rate much
higher than fully wetted basal planes? In order to answer
this question, the mechanism of material transfer across
the liquid film, which is dependent on the atomic struc-
ture of the solid–liquid (S/L) interface should first be
considered.

The atomic structure of the S/L interface is either
smooth or rough. One of the theoretical criteria for
smooth and rough interfaces is Jackson’s a parameter.35

The S/L interface of metallic systems tends to be rough
while that of ceramic systems tends to be smooth. Nor-
mally, the S/L interface structure can be easily determined
by observing an equilibrium or a near-equilibrium shape
of the grain, which is developed when the solid grains are
dispersed in a liquid matrix of sufficient amount. The
shape of alumina grains in such a condition is quite
angular,6,12,36�38 which indicates that the S/L interface
of alumina is atomically smooth. The flatness of the
basal surface of alumina as shown in Figs. 1 and 2 may
also be an indication of a smooth atomic structure of
the interface.

Atomic attachment to a smooth interface occurs typi-
cally by 2-D nucleation and lateral growth mechanism.
On the other hand, it has been reported that the barrier for
2-D nucleation is reduced markedly when the re-entrant
edges made by a twin16,17,28 or a grain boundary29,30 are
present. Fig. 3(a) and (b) shows the schematic diagram
showing a comparison of 2-D nucleation at terrace and
the re-entrant edge, respectively.

When a cylindrical monoatomic layered nucleus is
formed on the terrace plane, the nucleation barrier is
expressed as

�Gterr
2D ¼

�"2

h��
; ð1Þ

where ", h and �� are the edge free energy, atomic
height and the driving force for growth, respectively. On

Fig. 2. Scanning electron micrograph of the elongated abnormally

grown alumina grain from the specimen shown in Fig. 1(b).
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the other hand, when 2-D nucleation takes place at the
re-entrant edge of an angle � (radians), the barrier is
expressed as

�Gedge
2D ¼ �Gterr

2D

� � cos�sin�

�
�

sin�

�tan�

h

r

� �
; ð2Þ

where r and � (radians) are the radius of the critical 2-D
nucleus and the contact angle of the nucleus with the
edge, respectively. When the re-entrant edge angle � is
p/2, the second term in the parenthesis of Eq. (2) is zero.
In that case, the nucleation barrier on the re-entrant
edge is reduced by 50 and 90% from that on the terrace,
respectively, for �=p/2 and p/4.

It is indeed well established in the crystal growth field
that twin plane re-entrant edge (TPRE) provides a favor-
able site for growth.39 A similar role is expected for grain
boundary re-entrant edge (GBRE), which may explain
how the partially wetted non-basal plane migrates much
faster than that of the fully wetted flat basal plane. In this
respect, the elongated abnormal grains in Figs. 1 and 2
can be explained in terms of a growth by homogeneous
like 2-D nucleation process of flat basal plane and by
heterogeneous like 2-D nucleation process of non-basal
planes. Grain entrapment shown in Fig. 2 is a con-
sequence of rapid growth of non-basal planes. Such

grain entrapment due to GBRE has also been observed
recently in TaC–TiC–Ni system.30

4. Conclusion

AGG occurred in alumina with locally presenting
small amount of liquid was investigated. A few grains
were observed to grow extensively and anisotropically
at the region where the liquid content is very limited. The
migration rate of partially wetted non-basal planes was
much higher than that of fully wetted basal plane. AGG
behavior in alumina has been explained in terms of 2-D
nucleation and lateral growth mechanism. In that case,
the formation of the grain boundary may significantly
enhance the migration rate of interface because the
nucleation becomes much easier at the re-entrant edges.
In alumina, therefore, the non-basal surface with high
frequency of grain boundaries can grow much faster
than the fully wetted basal surface.
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