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Pure nanocrystalline δ-alumina powders were coated with different fractions (5, 10, and
15 vol%) of SiO2-SrO glass using the sol-gel technique. The isostatically cold pressed
powders were pressureless sintered in air for 5 h in the temperature range of 1250◦C to
1550◦C. The relative densities were ranged between 60 to 90% of the theoretical and were
composition dependent. The density was increased with the sintering temperature. In pure
alumina, the δ to α phase transformation went to completion by sintering at 1250◦C.
However, in the glass-coated samples, transition δ-alumina was mostly retained after
sintering at the same temperature. Pure nanocrystalline alumina sintered at 1350◦C
exhibited vermicular structure with isolated pores. The microstructure of the low
glass-containing samples exhibited nanocrystalline to submicron size grains arranged in
platelet-shaped clusters. Samples with higher glass contents exhibited also micron-size
needle-shape grains of strontium aluminate. C© 2002 Kluwer Academic Publishers

1. Introduction
Alumina is a very common engineering oxide ceramic
used in different structural applications. It is character-
ized by several polymorphs [1]. From morphological
point of view, the transition aluminas powders often
form with very fine particle size in the nanometer range.
Sintering and densification of the nanocrystalline tran-
sition aluminas generally lead to the formation of the
high temperature stable form, corundum (α-alumina),
and accompanied by explosive grain growth [2]. Thus,
the fabrication of dense nanocrystalline oxide ceram-
ics in general, and of alumina in particular, is very
challenging.

Recent studies on sintering and densification of
nanocrystalline ceramics have highlighted the problem
of achieving high densities (>90% of the theoretical
density) without excessive grain growth [3–8]. It has
been shown by Averback et al. [4] and Mayo and Hague
[5] that grain growth in nanocrystalline oxides is en-
hanced during sintering when the density approaches
>90% of the theoretical density. Consequently, sin-
tering processes that require lower temperatures or
shorter durations were adopted. Recently, microwave-
sintering [7], plasma assisted sintering [8], as well as
high pressure sintering [9, 10] of nanocrystalline tran-
sition alumina were reported. Two important observa-
tions were made [8]: (a) transition aluminas require
much higher homologous temperatures for achieving
equivalent densities compared to other nanocrystalline
ceramics and (b) best densities obtained were <90%
of the theoretical, while retaining the grain size below
100 nm.

The difficulties in obtaining high density nanocrys-
talline samples is also due to the fact that the sinter-
ing temperatures during pressureless and low-pressure
sintering are higher than the phase transformation tem-
perature (∼1200◦C) to α-alumina. Mishra et al. [8] sug-
gested that higher sintering pressures or the use of ad-
ditives can assist achieving higher densities with the
nanocrystalline structure. During reactive hot pressing
of aluminum hydroxides, large necks were formed be-
tween the particles that resulted in a strong network.
Thus higher pressures to break up the network, or higher
temperatures to promote diffusional processes, were re-
quired to achieve high density α-alumina [11, 12].

Hot-pressing of the nanocrystalline γ -alumina in the
temperature range of 650◦C to 1100◦C under high pres-
sures led to the reduction of the γ to α transforma-
tion temperature from 1200◦C at 1 atm to about 750◦C
at 1 GPa. Fully dense samples with a grain size of
∼142 nm were obtained at 1000◦C to 1100◦C, and
1 GPa within 10 minutes [13]. Nordahl and Messing
[14] studied the transformation and densification of
nanocrystalline θ -alumina during sinter-forging. Using
seeded nanocrystalline θ -alumina as starting material,
dense α-alumina with an average grain size of 230 nm
was formed at 280 MPa/1060◦C for 30 minutes.

On the other hand, the high pressure techniques are
limited to fabrication of small samples which are not
appropriate for mechanical tests. However, glass ad-
ditions may be used to increase the phase transition
temperature [5] and enable, in turn, to preserve the
nanocrystalline character at lower sintering temper-
atures [15]. This approach is appropriate especially
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where the glassy phase intended to enhance the super-
plastic behavior of the nanocrystalline ceramic.

In the present study, nanocrystalline δ-alumina pow-
der was coated with variable amounts of the glassy
phase. The effect of the glass coating on the sinter-
ing behavior and the microstructural evolution of the
nanocrystalline alumina was studied.

2. Experimental
Commercial spherical nanocrystalline alumina powder
(Neomat) was used as the precursor powder. The mean
particle size was determined by transmission electron
microscopy (TEM) to be 50 nm. The crystalline phase
was determined as δ-alumina using X-ray diffraction
(XRD). The alumina powders were coated with glass by
the sol-gel technique. The binary glass composition of
SiO2-SrO (60 : 40 mole ratio) was chosen according to
the glass forming region in the Al2O3-SiO2-SrO ternary
phase diagram [16]. Different stages of the sol-gel glass
coating technique were shown in Fig. 1. An ethanol-
water solution corresponding to the initial composition
of the glass was prepared by dissolving tetraethoxy-
silane in ethanol and strontium nitrate in water. Appro-
priate amount of the glass solution (according to the 5,
10 and 15 vol% glass content with respect to alumina)
was added to the aqueous slurry of alumina with ultra-
sonication for proper mixing. The resultant slurry was
stirred (magnetic stirrer) while slowly heating it to dry-
ness. The resultant powders were gently ground in agate
mortar and annealed for 2 h in air at 400◦C. The glass-
coated powders were analyzed by XRD (Cu-Kα radia-
tion, 40 kV, 30 mA) for phase analysis. The thickness
and homogeneity of the glass coating, when possible,
were characterized using TEM.

The pure and glass-coated powders were uniaxially
pressed into disc-shaped pellets of 15 mm diameter and
2 to 4 mm thickness, followed by cold isostatic pressing
(CIP) at 250 MPa. The green density of the pellets was
measured by weighing. Selected green compacts were

Figure 1 Schematic diagram of the glass coating experiment.

used in dilatometer to determine the phase transition
temperature and the shrinkage characteristics. Sinter-
ing experiments were performed in air for 5 h at the
temperature range of 1250◦C to 1550◦C using a heat-
ing rate of 5◦C/min. The final densities of the samples
were determined by the Archimedes method. Sintered
specimen surfaces as well as polished and thermally
etched surfaces were characterized using high resolu-
tion scanning electron microscopy (HRSEM).

3. Results and discussion
3.1. Powder morphology
The nanocrystalline alumina powder was composed of
agglomerate-free spherical single grains (Fig. 2a) with
the mean particle diameter (d50) of 50 nm. The particle
size distribution was determined to be log-normal using

(a)

(b)

Figure 2 (a) Transmission electron micrograph of pure δ-alumina, and
(b) particle size distribution exhibiting the log-normal characteristic.
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Figure 3 Transmission electron micrograph of the 15% glass-coated
δ-alumina.

TEM images (Fig. 2b). The powder morphology and the
distribution of the glass coating on the alumina particle
are shown in Fig. 3. The glass coating was well resolved
in the powders coated with 15 vol% glass. The coating
was featureless, in contrast to the crystalline alumina
particles. The coating thickness varied between 1 to
4 nm from particle to particle. Nevertheless, the coating
was homogeneously applied to the particle surfaces,
following the circular contour of the grains (in the cross
section view) (Fig. 3). However, the coating thickness
was not resolved clearly in the powders coated either
with 5% or 10% glass. Due to high surface area of the
initial alumina powder, relatively large amount of the

Figure 4 XRD patterns of pure neomat alumina and 15% glass-coated powder annealed at 400◦C for 2 h.

glass is required to make the glass coating thick enough
for microscopic observations.

3.2. Phase analysis
X-ray diffraction (XRD) spectrum of the pure alu-
mina powder was consistent with transition δ-alumina
(Fig. 4). Glass-coated powders after drying and anneal-
ing for 2 h at 400◦C showed additional peaks from
strontium nitrate (Fig. 4) indicating that some resid-
ual nitrate was left. Pure δ-alumina was fully trans-
formed to α-alumina after sintering at 1250◦C for
5 h (Fig. 5). Nevertheless, after sintering at the same
conditions, the glass-containing samples retained their
transition δ-alumina phase. Therefore, the glass coat-
ing has a remarkable effect on the phase transition
temperature. XRD patterns of the pure and the glass-
containing aluminas sintered at 1350◦C or above it ex-
hibited full transformation of δ-alumina to α-alumina
(Fig. 6). Sintered glass-containing samples contained
additional intermediate phase along with formation
of α-alumina. Significant amount of strontium alumi-
nate (SrAl12O19) was formed in the form of needle-
shape crystals (see below) on the sintered surfaces of
the 15 vol% glass-coated pellet. This phase was also
noticed, albeit in smaller proportion, in the 5% and
10% glass-coated samples. Formation of this secondary
crystalline phase indicates that the glass content may
further be decreased.

It is worth to note that no detectable mullite peaks
were observed in the XRD spectra. This may arise due
to the difficulties in nucleation of mullite at the interface
in the silica-coated alumina powders [17]. Such nucle-
ation occured at higher temperatures (≥1500◦C) than
needed for nucleation in the sol-gel derived alumino-
silicate [18] and is composition dependent [19, 20].

3.3. Densification and sintering
The linear shrinkage of the pure and the glass-coated
alumina samples versus temperature are shown in
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Figure 5 XRD patterns of pure and glass-coated powder compacts sintered at 1250◦C for 5 h.

Figure 6 XRD patterns of pure and glass-coated powder compacts sintered at 1350◦C for 5 h.

Fig. 7. Densification and shrinkage of the glass-coated
alumina starts at a relatively lower temperature (1000◦C
for 15 vol% glass) with respect to pure alumina sam-
ple (1100◦C). This may points to enhanced particle re-
arrangement and densification, due to the presence
of the glassy coating. The presence of glass also in-
creases the δ to α-alumina phase transformation tem-
perature. In the pure alumina samples, this transforma-
tion occurred at 1200◦C, as was evinced from the rapid
decrease in the densification rate. The phase transfor-
mation temperature was increased to 1400◦C for the
15 vol% glass-coated sample. The absolute shrinkage
as well as the densification rate were higher in the later
pellets prior to the transformation temperature.

Densification pattern of the pure and the glass-coated
nanocrystalline alumina compacts with respect to the
sintering temperature (for 5 h duration) were summa-
rized in Fig. 8. The green density of the cold isostati-

cally pressed compacts was about 55% of the theoreti-
cal density, irrespective of the sample composition. At
1250◦C for 5 h, the samples start sintering with negligi-
ble densification. At this temperature, the lower glass-
containing compacts exhibited lower densities, albeit
the density increased with the glass content. This effect
should be related to lack of densification that is asso-
ciated with the phase transformation to stable alumina
in these compacts. Nevertheless, increase in the glass
content is expected to enhance the particle rearrange-
ment as well as the interfacial diffusion processes that
promote densification. This phenomenon is supported
by the dilatometric results. At 1250◦C, pure alumina is
expected to be in the α-corundum structure. Therefore,
the sample has been benefited from the ∼9% volume
shrinkage which is accompanied to the δ- to α-phase
transformation in alumina [21]. Increase in the sintering
temperature to 1350◦C, 1450◦C, and 1550◦C for 5 h,
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Figure 7 Dilatometric shrinkage curves versus temperature for (a) pure
nanocrystalline δ-alumina, and (b) 15% glass coated δ-alumina.

caused the systematic increase in the final density of the
pure alumina (70%, 78%, and 84% respectively). Nev-
ertheless, significant increase in the final densities was
observed in the glass-containing samples at 1350◦C,
compared to pure alumina. This differential increase in
density may be related to the phase transformation that
is expected to occur above 1250◦C, in addition to the
conventional densification shrinkage. Further increase
of the sintering temperature to 1450◦C and 1550◦C was
accompanied by the moderate increase in density.

The absolute density value in each sample, in
its dense version, depended upon composition and

Figure 8 Final density of the pure and glass-coated alumina versus the glass content at different sintering temperatures.

heat treatment. The glass-coated samples resulted in
different phase assemblage; it was consisted of ei-
ther transition or stable alumina together with either
glassy or intermediate crystalline phases (i.e., strontium
aluminate). However, since the density of SrAl12O19
is 3.985 g · cm−3 very close to that of α-alumina
(3.987 g · cm−3), the density results should be treated
with some confidence. In this respect, the maximum er-
ror in the calculated density was estimated to be ∼1%.

3.4. Sintered microstructure
Effects of the glass coating and the phase transforma-
tion on the as-sintered surface microstructure were il-
lustrated in Fig. 9. In order to check the effect of the
glass segregation to the pellet surfaces, as-sintered sur-
faces were characterized both prior to and after the cer-
amographic preparation. Pure nanocrystalline alumina
after sintering at 1350◦C for 5 h exhibited vermicular
structure with network of pores (Fig. 9a). The original
ultrafine grains were found to form micron-size clusters
(2 to 5 µm in diameter). Such microstructure is charac-
teristic for the partially sintered pellet that accompanied
by the δ- to α-alumina phase transformation. Neverthe-
less, it still may consist some transition alumina grains.
This phase transformation occurs along with decrease
in the specific volume, which favors the retainment of
the pore networks during sintering. In this respect, glass
addition was found to strongly affect this sintered mi-
crostructure. The 5 vol% glass-coated sample exhib-
ited much finer microstructure (i.e., sub-micron grain
size) on the as sintered surfaces (Fig. 9b). The origi-
nal alumina grains were found to preserve their spher-
ical shape. Nevertheless, these ultrafine grains were
aranged in a few micron-size platelet-shaped clusters
(i.e., Fig. 10a). On the other hand, the microstructure
of the 10 vol% glass-coated sample contained the ul-
trafine grains together with micron-size needle-shaped
crystals (Fig. 9c). These needle-shaped grains covered
the low area fraction of the sample surface, (less than
20%) and represent the SrAl12O19 phase. Further in-
crease in the glass content to 15 vol% has led to sin-
tered surface microstructure that mainly was composed
of the needle-shaped crystals (Fig. 9d). The observed
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Figure 9 HRSEM images of the pure and glass-coated samples sintered at 1350◦C for 5 h. (a) pure alumina, (b) alumina + 5% glass, (c) alumina + 10%
glass, (d) alumina + 15% glass. (Continued.)

area fraction of these needles on the as-sintered sur-
faces was far above that expected from the equilibrium
phase assemblage of the alumina/strontium aluminate,
and indicated on segregation of the glass to the pellets
surfaces. The presence of strontium aluminate was con-
firmed by XRD analysis of the as-sintered glass-coated
samples.

The microstructure of the sintered pellets (1350◦C
for 5 h), after polishing and thermal etching, is shown
in Fig. 10. Polishing of the sample surfaces revealed
the bulk microstructure where the relative amount of
the needle-shaped intermediate phase was significantly
reduced. The microstructure of the sample with 5 vol%
glass did not change significantly, revealing the ultra-
fine sub-micron size grains arranged within the platelet-

shaped clusters (Fig. 10a). However, in the sample with
15 vol% glass, the intermediate needle-shaped phase
was still present but only in a few grain boundary
pockets (Fig. 10b). It was apparent that the platelet
shaped clusters in the glass-coated samples were com-
posed of the ultrafine alumina grains. These clusters
resemble the begining of the anisotropic growth of the
alumina grains, most possibly due to the presence of
the silicate/rare-alkaline oxide additives [22].

Segregation of the rare-alkaline cations, i.e., Mg and
Ca from the intergranular silicate films to the grain
boundary surfaces are well documented [23]. Strong
segregation of Ca at the Al2O3 grain boundaries were
reported [24, 25]. The nominal composition of the
amorphous grain boundary phase was determined as
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Figure 9 (Continued.)

CaO · 6Al2O3, very close to the intermediate calcium-
hexa-aluminate phase. Similarly, addition of 5 wt%
SrO to nanocrystalline alumina was found both to en-
hance the densification and inhibit the grain growth in
nanocrystalline alumina compacts [26]. Silica has very
limited solubility in alumina. Moreover, crystallization
of mullite may occur only at higher temperatures, as was
discussed above. This may explain preferable formation
of the SrAl12O19 phase instead of mullite; the residual
silica may be left amorphous at the grain junctions.

The present findings lead to several important obser-
vations. As was observed in the zirconia systems [27],
SrO acts as surface-active agent that enhances segrega-
tion of the grain boundary glassy phase to the external
surfaces during sintering and grain growth. As a re-
sult, the excess glass tends to segregate from the glassy

pockets at the grain boundary junctions (triple lines
and quadruple nodes) to the specimen surface, leaving
a very thin glassy layer (a few nanometer thick) at the
grain boundaries. The grain boundary glassy phase is
expected to have an equilibrium thickness [24, 28] and
thus is hard to crystallize due to its confined nature by
the grains. The excess glass left at the glassy pockets
could be crystallized. Such microstructural evolution is
expected to improve the conditions for grain bound-
ary sliding at elevated temperatures, provided mini-
mum glass pockets. The presence of bulky glassy phase
pockets is expected to promote cavitation depending on
the glass properties. Thus, careful optimization of the
glassy phase content (below 5 vol%) is needed to form
sintered nanocrystalline alumina with appropriate mi-
crostructure for the superplastic deformation.
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Figure 10 HRSEM images of the polished and thermally etched surfaces of the glass-coated samples sintered at 1350◦C for 5 h. (a) alumina + 5%
glass, (b) alumina + 15% glass.

4. Conclusions
Pressureless sintering of pure nanocrystalline transition
alumina exhibited stable alumina grains with vermic-
ular structure that contained pore networks, and a few
micrometer in diameter. Glass-coated samples showed
higher phase transformation temperature (i.e., 1400◦C
in 15 vol% glass) compared to pure alumina (1200◦C in
pure). The 5 vol% glass-coated sample exhibited much
finer microstructure (sub-micron) with respect to pure
alumina sample. Excessive amount of the glass (i.e.,
15 vol%) enhanced the formation of the intermediate

SrAl12O19 phase with needle-shape crystals. Segrega-
tion of the excess glass to the pellet surfaces was ob-
served during sintering. Consequently, the amount of
the glass additive should be controlled below 5 vol% to
obtain sintered microstructures appropriate for super-
plastic deformation.
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