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A new forming method, pressureless powder packing (PLPP), was studied to fabricate the
β- and β ′′-Al2O3 tubes. Alkali sources were infiltrated into the pores of α-Al2O3 tube
preforms that had been prepared by the PLPP forming method. The composition for the
synthesis of β ′′-Al2O3 phase was Na2O · 0.138Li2O · 4.4Al2O3. The β ′′-Al2O3 fraction of
calcined and sintered bodies was increased with the increase of calcination temperature,
and phase formation was largely affected by the type of starting α-Al2O3. Large particle size
and narrow size distribution of fused α-Al2O3 resulted in uniform green microstructure that
enhanced the homogeneity of alkali salts after infiltration, which was very important for the
β ′′-Al2O3 formation. Sintered microstructure was uniform in all specimens but further
development was required for density improvement. C© 1998 Kluwer Academic Publishers

1. Introduction
β- andβ ′′-Al2O3 have been developed because of their
highly ionic and low electronic conductivity, and re-
search for their practical use has been widely per-
formed. Na+ ions act as charge carriers inβ- and
β ′′-Al2O3, which have been used as solid electrolytes
in a Na/S secondary battery for electric vehicles and
storage of excess electricity [1–3].

Usually β- andβ ′′-Al2O3 are prepared by conven-
tional ceramic processing. First, raw materials are pre-
pared by various process, such as spray drying, freeze
drying, sol-gel method, coprecipitation, and mechani-
cal mixing [4–7]. After calcination, synthesizedβ- and
β ′′-Al2O3 powders are formed to tubes by (cold iso-
static pressing CIP), slip casting, and electrophoretic
deposition and then are sintered [8–10].

PLPP forming is a new fabrication method. Preform
is made by packing powder in the rubber mold with vi-
bration, and then binder solution is infiltrated to consol-
idate the packed powders. Removing the mold after dry-
ing completes the forming process. The merits of PLPP
forming are the ease of forming complex shapes with
powders that have large particle size and irregular parti-
cle shape and no stress gradient in the green body [11].

In conventional ceramic processing to prepareβ-
andβ ′′-Al2O3, the startingα-Al2O3 powder has to be
fine and very reactive to obtain good properties dur-
ing densification and phase formation, and tubes usu-
ally have to be made of the partly or fully synthesized
β- and β ′′-Al2O3 powders. In the PLPP method,β-
andβ ′′-Al2O3 can be prepared from the powder that
has large particle size and unreactive surface, and tubes
are made ofα-Al2O3 powder beforeβ- andβ ′′-Al2O3
phase synthesis.

The purpose of the present study is to fabricate the
β- andβ ′′-Al2O3 tubes usingα-Al2O3 preforms fabri-
cated by the PLPP forming method. Differentα-Al2O3
powders, such as fusedα-Al2O3, calcinedα-Al2O3, and
mixtures of fused and calcinedα-Al2O3 were used to
prepare preforms, and the green microstructures were
compared with each other. The influences of the com-
position and particle size of the startingα-Al2O3 pow-
ders and calcination temperatures onβ- andβ ′′-phase
formation, densification, and microstructure were ex-
amined.

2. Experimental
2.1. Preparation of β ′′-Al2O3 preform
α-Al2O3 (≥ 99% and reagent-grade salts were used as
starting materials. Figs. 1 and 2 show the characteris-
tics of the startingα-Al2O3. All powders had narrow
particle size distributions. Fusedα-Al2O3, was coarse
powder with angular shapes and had average particle
sizes of 19µm and 33µm. Calcinedα-Al2O3 was fine
powder with spherical shape and had an average parti-
cle size of 0.4µm.

Five kinds of preforms were prepared. Preforms of
fusedα-Al2O3 were classified as W1 (33µm) and W2
(19 µm). Preforms of calcinedα-Al2O3 were classi-
fied as AKP-30. Fusedα-Al2O3 of W1 and W2 as
mixed with calcinedα-Al2O3 by the weight ratio of
2 : 1 and designated as W1A and W2A, respectively.
Fused and calcinedα-Al2O3 powders were dry mixed
by low speed stirrer without liquid medium to avoid
agglomeration. The whole forming procedure of PLPP
method is shown in Fig. 3. Theα-Al2O3 powders were
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Figure 1 Particle size analyses of starting powders (a) W1, (b) W2, (c) AKP-30.

poured into the silicon rubber mold and then packed by
mechanical vibration using a vibrator for which out-
put and maximum frequency were 50 W and 83 Hz,
respectively.

The binder solution was made by dissolving 2 wt %
PVA (polyvinyl alcohol) in water and was infiltrated
into the packed powder within the mold. For calcined
α-Al2O3, binder solution seemed to cause the parti-
cle agglomeration and nonuniform internal structure,
thus, after infiltration, the mold packed with calcined
α-Al2O3 was vibrated again to minimize the agglom-
eration. After infiltration, preforms were dried at 70◦C
in an oven and taken out of the mold. Preform tubes
were 1.5 mm thick, 24.6 mm in diameter, and 120 mm
in length. Formed bodies of calcinedα-Al2O3, fused
α-Al2O3, and mixtures were heated at 1100◦C for 2 h,
1700◦C for 2 h, and 1400◦C for 2 h, respectively, to

burn out binder and give strength for handling. The
photograph of preforms after heat treatment is shown
in Fig. 4.

Particle shape and particle size distribution of
α-Al2O3 powders were observed by the particle size
analyzer and scanning electron microscope (SEM).
Packing density was measured by following ASTM
D4512. Green density of the preform was measured
by Archimedes method and pore size distribution
and average pore size were investigated by mercury
porosimetry.

2.2. Infiltration and calcination
Composition forβ- andβ ′′-Al2O3 was Li2O 0.8 wt %,
Na2O 12 wt %, and Al2O3 87.2 wt %, which included
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Figure 2 SEM micrographs of starting powders (a) W1, (b) W2, (c)
AKP-30.

the excess amount Na2O by 2 wt % for compensating
the Na loss that should occur at high temperature.

NaNO3 and LiNO3 were used as Na and Li
sources. The eutectic temperature of NaNO3 and LiNO3
is 191◦C at eutectic composition but was raised
to≈280◦C for the composition of this experiment. Li
and Na salts were mixed and melted completely at
the range of 300–350◦C and then infiltrated into the
preform by capillary force. After infiltration, preforms
were weighed and excess salts were washed by dipping
the preforms in boiling water for a few seconds. When
the preforms were of insufficient weight, molten salts
were reinfiltrated to obtain the exact composition. The
infiltrated bodies were calcined at 1350–1550◦C for 4 h
with the heating rate of 300◦C/h.

2.3. Sintering
Sintering was carried out by a two-peak firing sched-
ule [12]. MgO crucibles and a powder bed of same
composition with tubes were used to minimize the Na
loss. Average heating rate was 360◦C/h. First peak was
at 1550◦C for 5 min and then cooled to 1400◦C, and
second peak was at 1650◦C for 15 min.

Phase analysis was done by X-ray powder diffrac-
tion. The microstructures were compared by exami-
nation of the fractured surfaces of specimens. Bulk
densities of sintered specimens were measured by
Archimedes method using kerosene, with a specific
gravity of 0.81, following the ASTM C830. The theo-
retical densities of specimens were calculated by mix-
ing rule, considering the relative ratios of each phase,
where the theoretical densities ofβ- andβ ′′-Al2O3 are
3.24 /cm3 and 3.27 g/cm3, respectively.

3. Results and discussion
3.1. Properties of preforms
Generally, packing density is a function of time, me-
chanical vibration frequency, and size of the starting
powder. Small particle size causes difficulty in attain-
ing a high packing density. If particle size is smaller
than 100µm, friction and bridging between particles
can easily happen, and the increase of surface energy
by increased relative surface area causes the particle
agglomeration by moisture adsorption and particle co-
hesion. The decrease of particle size means the decrese
of each particle mass and the influence of gravity, thus
packing density lowers [13].

Table I summarizes the properties of the starting pow-
ders and preforms. The packing density is higher in the
order of W1, W1A, W2, W2A, and AKP-30. W1 and
W1A showed a slightly higher packing density because
of their relatively large particle size and low agglom-
eration effect between powders. W1A and W2A are
expected to have higher packing density than W1 and
W2 have because powders with broad particle size dis-
tribution and mixture of powders of different particle
sizes should have higher packing density than mono-
sized and unmixed ones [13]. Packing densities of W1A
and W2A, however, showed slightly lower value than
those of W1 and W2, respectively, which seemed to be
attributed to the agglomerations of calcinedα-Al2O3.
W1A had slightly higher packing density than W2A
had because of the same agglomeration effect due to
the particle size difference.

In previous experiments, if green density was higher
than 70% of theoretical density, salts infiltration andβ-
andβ ′′-Al2O3 formation were insufficient. In addition,
unreactedα-Al2O3 phase still remained after calcina-
tion and sintering. It was intended that green densities of
preforms had the value near 50% of theoretical density
and actually were 51–57%, as presented in Table I. Low
packing density of calcinedα-Al2O3 could be over-
come by mechanical vibration after infiltrating binder
solution. Liquid phase can cause compressive stress be-
tween particles [14]. Compressive stress caused by PVA
solution and mechanical vibration seemed to rupture
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TABLE I Properties of powders and preforms

Packing density Heat Green density Linear shrinkage
Designation of powders (%) treatment of preforms (%) of preforms (%)

W1 49.3 1700◦C, 2 h 51 7.9
W2 47.8 1700◦C, 2 h 53 6.86
W1A 48.3 1400◦C, 2 h 52 5.65
W2A 47.2 1400◦C, 2 h 53 3.75
AKP-30 39.0 1100◦C, 2 h 57 3.5

Figure 3 Schematic representation of overall tube forming process by PLPP forming method.

some part of agglomeration and make particles rear-
range through rolling and sliding.

Fig. 5 represents the pore size distributions of pre-
forms, which had a significant influence on the infil-
tration of salts. Preforms of W1 and W2 had unimodal
and narrow pore size distributions and had average pore
sizes of 13µm and 8.7µm, respectively, without pores

less than 1µm. Preforms of W1A and W2A had tri-
modal pore size distributions, and most pores were in
the range of 2–13µm and 1–11µm, respectively. These
nonuniform pore size distributions are attributed to the
heterogeneous regions that occurred during mixing, ag-
glomeration of calcinedα-Al2O3, and shrinkage differ-
ences between calcined and fusedα-Al2O3 during heat
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Figure 4 Photograph of fabricated one-endedα-Al2O3 tube preforms.

treatment. AKP-30 had bimodal pore size distribution,
and two peaks existed at 10.6µm and 1µm.

3.2. Properties of sintered tubes
3.2.1. Phase analysis
β- to β ′′-Al2O3 transformation mechanisms have not
been fully resolved to date, but Hodge [15] proposed
the reaction as follows:

β-Al2O3+ δ-NaAlO2 = β ′′-Al2O3

δ-NaAlO2 is an unstable phase and exists only at the
high temperature range and asγ -NaAlO2 in the room
temperature range.δ-NaAlO2 exists at grain boundaries
and reacts withβ-Al2O3 to formβ ′′-Al2O3 [16]. With-
out stabilizer or with excess Na2O,δ-NaAlO2 separates
into unreactedγ -NaAlO2 andβ-Al2O3 [15]. Unreacted
γ -NaAlO2 exists at low temperature and is dependent
on the Na2O content, which begins to appear when
Na2O content is over 10.5 wt % [17].
β- andβ ′′-Al2O3 have similar structural forms and

are non-stoichiometric compounds.β- andβ ′′-Al2O3
phases can be identified by X-ray powder diffraction
method [18], and the quantitative amount of each phase
can be calculated by the following formula comparing
the characteristic peaks of each phase [19]:

f(β ′′) = 1.37I(β ′′, d= 2.609)/{I(β, d= 2.69)

+ 1.37I(β ′′, d= 2.609)}

Fig. 6 represents theβ ′′-Al2O3 fractions of calcined
specimens as a function of calcination temperature. Af-
ter calcination, theβ ′′-Al2O3 fraction was higher in
fusedα-Al2O3 of W1 and W2 and had the range of 50–
70%. In mixtures (W1A and W2A),β ′′-Al2O3 had re-
duced value of 40–60%, and calcinedα-Al2O3 had the
lowestβ ′′-Al2O3 fraction of 30–50%. Theβ ′′-Al2O3
fraction slightly increased with increasing calcination
temperature and was maintained at higher temperatures
over 1450◦C.

Fig. 7 shows theβ ′′-Al2O3 fractions of sintered spec-
imens as a function of calcination temperature. After
sintering, theβ ′′-Al2O3 phase was well-synthesized in
the specimens of W1 and W2, which had fractions of

Figure 5 Pore size distributions ofα-Al2O3 preforms (a) W1, (b) W2,
(c) W1A, (d) W2A, (e) AKP-30.

89–93% and 88–92%, respectively. W1A and W2A
showed lowerβ ′′-Al2O3 fractions than W1 and W2
had and were 82–87% and 81–86%, respectively. In
the AKP-30,β ′′-Al2O3 was in the range of 78–85%.

It was considered that green microstructures of the
preforms had a significant influence on theβ ′′-Al2O3
synthesis. Uniform pore structure and large pore chan-
nels in the preform resulted in the uniform distribution
of alkali salts that were the sources forβ ′′-Al2O3 phase
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Figure 6 β- andβ ′′-Al2O3 fraction of calcined specimens (a) W1, (b) W2, (c) W1A, (d) W2A, (e) AKP-30.

formation. Preforms of fusedα-Al2O3 had uniform
pore structures and high packing densities that enabled
uniform distribution of molten salts during infiltration
and less local inhomogeneity in preforms. Therefore,
specimens started from fusedα-Al2O3 showed better
β ′′-phase synthesis characteristics than did those from
mixed powders and calcinedα-Al2O3.

3.2.2. Sintering behaviour
The main problems duringβ- andβ ′′-Al2O3 sintering
are the evaporation of Na and the appearance of du-
plex microstructure. Na evaporation makesβ ′′-Al2O3

decompose and is the direct cause of the degradation of
electrical properties by decreasing the number of charge
carriers, the Na+ ions. Duplex microstructures, espe-
cially the exaggerated grain growth, are found to de-
grade the mechanical properties and have to be avoided
[1, 20]. Thus, sintering should take a short time to pre-
vent Na loss and exaggerated grain growth.

It is typical forβ- andβ ′′-Al2O3 to show a fast den-
sification rate, whereas the transformation rate fromβ-
to β ′′-Al2O3 is slow [15, 21]. Therefore, long duration
at sintering temperature for phase tranformation will
cause the severe loss of Na. To keep the Na+ ions in the
structure, specimens should be embedded in powders
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Figure 7 β ′′-Al2O3 fraction of sintered specimens as a function of cal-
cination temperature.

Figure 9 SEM micrographs of fracture surfaces of sintered specimens (a) W1, (b) W2, (c) W1A, (d) W2A, (e) AKP-30.

Figure 8 Relative density of sintered specimens as a function of calci-
nation temperature.
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of same composition and sintered in MgO crucibles to
suppress Na evaporation [1].

Some sintering schedules to enhance the properties
of β- andβ ′′-Al2O3 have been reported, including post-
sintering annealing [7] and zone sintering [22, 23].
These sintering processes were effective at preventing
the Na loss but were accompanied by the duplex struc-
tures that had both fine grains and platelike exaggerated
grains with sizes over 100µm.

To prevent the duplex microstructures, Duncan and
Bugden [12] suggested the two-peak firing schedule
that included two peaks of temperature during fir-
ing; one was 1500–1575◦C and the other was 1600–
1650◦C. Specimens are heated up to the first peak and
cooled down by 170–200◦C and then heated up to the
second peak and held for 5–15 min. By using this two-
peak firing schedule, the average grain size increased,
but exaggerated grain growth could be hindered, and
uniform microstructure could be obtained.

In this experiment, sintering was carried out by the
two-peak firing schedule. Fig. 8 represents the relative
sintered density. The changes of density as a function of
calcination temperature are little. The relative density of
W1 showed the highest value of 86%. Relative densities
of W1A and AKP-30 were 81% and 80%, respectively.
In order to enhance the densification, fusedα-Al2O3
was mixed with calcinedα-Al2O3 for the purpose of
filling the voids of fusedα-Al2O3 particles with cal-
cinedα-Al2O3. Sintered densities of mixed powders,
however, were not as high as expected. As discussed
previously, it is thought that the low density of W1A
and AKP-30 was due to the agglomeration of calcined
α-Al2O3 that was not destroyed by mechanical vibra-
tion and to the shrinkage difference between fused and
calcinedα-Al2O3 that gave rise to local inhomogeneity
and large pores.

Fusedα-Al2O3 is not easy to densify due to its man-
ufacturing process. Therefore, to obtain high density, it
demands more investigation, such as raising sintering
temperature and filling the voids with larger amounts
of alkali salts.

Microstructures of sintered specimens that had cal-
cined at 1450◦C for 4 h are shown in Fig. 9. All spec-
imens showed platelike grains. In the case of W1, uni-
form microstructure with grain size range of 20–30µm
was observed. Considering the average particle size of
starting powder, it could be assured that abnormal grain
growth did not occur. In W2, grains with the size of 10–
20µm were observed. A sintered specimen started from
calcinedα-Al2O3 had grains smaller than 20µm. W1A
and W2A of mixed powders had large grains and small
grains smaller than 5µm that originated from calcined
α-Al2O3.

4. Conclusion
α-Al2O3 preforms with relative densities of 51–57%
prepared by PLPP method were used to fabricateβ-

and β ′′-Al2O3 tubes. To synthesize theβ- and β ′′-
Al2O3 phase, molten salts of NaNO3 and LiNO3 with
the compositions of Na2O · 0.138Li2O · 4.4Al2O3 were
infiltrated as alkali sources. Phase transformation and
densification were highly dependent on the type of start-
ing α-Al2O3 powders and the calcination temperature.
For fusedα-Al2O3 with average particle sizes of 19µm
and 33µm, theβ ′′-Al2O3 tube was well-synthesized
and had high fractions of 92% and 93%, respectively. It
seemed to be caused by uniform green microstructures
of fusedα-Al2O3 that resulted in the homogeneous in-
filtration of salts. After calcination and sintering, the
β ′′-Al2O3 phase increased with the increase of calcina-
tion temperature in all specimens. Uniform microstruc-
ture of platelike grains could be obtained by adopting
two-peak firing schedule for sintering.
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