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Production of ultrafine alpha alumina powders
and fabrication of fine grained strong ceramics

S. RAJENDRAN*

Advanced Materials Program, Australian Nuclear Science and Technology Organisation,
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Hydrous alumina powders, pure, seeded with alpha alumina, containing ammonium nitrate
and containing both ammonium nitrate and seeds, were prepared by hydroxide precipitation.
Their crystallization and sintering behaviour were investigated and mechanical properties of
the ceramics were tested. Pure hydrous alumina transformed to alpha alumina crystals, with a
size of ca. 200 nm, at 1200 °C, after undergoing the usual metastable phase changes during
heat-treatment. The powder needed to be sintered at 1600 °C to achieve a high density. The
ceramic had an average grain size of ca. 9 um. Seeding lowered the transformation
temperature to ca. 1120 °C and caused the transformation to begin at ca. 600 °C. The material
could be sintered at 1500 °C and had a grain size of 2 um. The nitrate, predominantly present
as ammonium nitrate, lowered the transformation temperature to ca. 1150 °C and altered the
proportion of the intermediate phases. However, the materials still had to be sintered at

1500 °C to achieve > 97% density. When both seed particles and nitrate ions were present the
material almost completely transformed at 950 °C to uniform crystals of alpha alumina with a
size < 60 nm that sintered to > 99% theoretical density at 1450 °C. The final ceramic had a
uniformly grained ( < 1.0 um) microstructure and exhibited strength up to 800 MPa.

1. Introduction

Properties of ceramics depend very much on the final
sintered microstructures. Therefore, they have to be
tailored carefully to fabricate ceramics with desired
properties. However, the microstructural development
of a ceramic, during firing, depends on the character-
istics of the powders used [1-3]. It is essential to use
powders of carefully controlled characteristics for the
fabrication of ceramics with controlled microstruc-
tures.

A number of wet chemical methods have been
developed over the years for the production of single
and multi-component oxides [4-7] which allow a very
fine and reactive powder to be prepared, and the
powder characteristics can be easily modified by
changing the conditions during powder synthesis.
However, to produce stable crystalline compounds
that are suitable for ceramic processing the chemically
derived precursors have to be calcined at high temper-
atures. For instance, hydrous aluminas produced
by wet chemical methods have to be calcined at

> 1200°C [8, 9] to crystallize alpha alumina. The
resulting powders are, in general, composed of strong-
ly bonded aggregates with relatively larger crystals
that require many hours of milling and sintering aids
to fabricate relatively dense ceramics with reasonable
properties.

It has been reported that the alpha alumina trans-
formation temperature can be reduced to ca. 1050°C

by seeding transition aluminas, such as boehmite with
fine epitaxial particles, like alpha alumina and haema-
tite [8-11]. Alpha alumina powder produced by a
sol-gel technique [9, 10], which involved the use of
seeds, has been reported to sinter readily to near
theoretical density at moderate temperatures.

The seeding technique was incorporated into a
simple precipitation method to produce reactive alpha
alumina powder. However, during the course of the
study it became apparent that certain anions together
with seeds facilitated the production of fine alpha
alumina powder [12-14]. In this paper the crystalliza-
tion behaviour of four hydrous aluminas prepared by
a precipitation method is reported. Sintering charac-
teristics of the powders of the ceramics produced are
discussed, as are the microstructures and mechanical
properties of a few of the ceramics.

2. Experimental procedure
Four hydrous alumina powders, unseeded nitrate free
(AL), seeded (5% alpha alumina seed) nitrate free
(ALS), unseeded nitrated (45% ammonium nitrate)
(ALN) and seeded nitrated (5% seed and 45%
ammonium nitrate) (ALSN), were prepared by a
hydroxide precipitation method.

The hydrous alumina powders were prepared by
adding an aluminium nitrate solution (0.2 moldm~?)
to a rapidly stirred ammonia solution. The slurry pH
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was adjusted to ca. 9.0 and stirring continued for
another 60 min. The slurry was then filtered and the
filter cake divided into two portions. One portion (AL)
was washed repeatedly (1012 times) with deionized
water, while the other portion was kept without was-
hing (ALN). Both powders were then dried in an air
oven at 110 °C for 24 h. Similarly, the seed was initially
mixed with the aluminium nitrate solution and the
above processing repeated (powders ALS and ALSN,
respectively). The amount of nitrate present in the
powders was analysed by ion chromatography
(Dionex 4500i). Powders AL and ALS had no detect-
able nitrate present { < 100 p.p.m) while powders
ALN and ALSN contained ca. 45 wt % ammonium
nitrate (on an alumina basis).

The powders were calcined at several selected tem-
peratures between 110 and 1200 °C for 1 h and charac-
terized by differential thermal analysis (DTA; Setaram
TAG 2400), X-ray diffraction (XRD; Siemens Kristal-
loflex diffractometer with CoK,, radiation) and trans-
mission electron microscopy (TEM; Jeol FX 2000).

Oxide powders, prepared by calcining the precursor
powders between 950 and 1200 °C, were cold-pressed
into bars at 200 MPa pressure and sintered between
1200 and 1600 °C for 2 h. Bulk densities of the sintered
bodies were determined by mercury displacement.
Microstructures of the polished and thermally etched
sintered ceramics were analysed using scanning elec-
tron microscopy (SEM). Three-point bend fracture
strength measurements were made using an Instron
1122 (M/C No. 13) with an outer span of 25 mm and a
crosshead speed of 0.05 mmmin~!. Fracture tough-
ness measurements were made by the indentation
method using 10 and 5 kg loads.

3. Results and discussion

3.1. Powder characterization

3.1.1. Differential thermal analysis (DTA)
DTA curves of all the specimens had three endo-
thermic peaks at 110, 260 and 420°C, which were
associated with a considerable amount of weight loss.
The endotherms are assigned to the removal of ad-
sorbed water, and the decomposition of hydroxide
and oxy-hydroxide of aluminium, respectively [13]. In
addition to those peaks, powders ALN and ALSN had
a very sharp exothermic peak at 320°C due to the
decomposition of nitrate present in the material. The
DTA curves also showed an exothermic peak at
higher temperatures due to the crystallization of alpha
alumina. Powder AL had its exothermic peak at
1220°C, whereas powders ALS, ALN and ALSN
showed the peak at 1118, 1155 and 1009 °C, respect-
ively (Table I).

3.1.2. X-ray diffraction (XRD)

The XRD pattern of AL-200 (AL calcined at 200 °C)
consisted of at least three phases, well-crystallized alu-
minium hydroxides (bayerite and nordstrandite) and
an amorphous phase (Fig. 1). At 350°C (AL-350), the
aluminium hydroxide peaks disappeared and those
corresponding to boehmite (AIOOH) and gamma al-

TABLE 1 Effect of seeding and/or nitrate on the transformation
temperature of alpha alumina

Alpha alumina transformation temperature

Powder
°C) DTA XRD
AL 1220 1150-1200
ALS 1118 6001100
ALN 1155 1050-1150
ALSN 1009 775-950
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Figure | Powder XRD patterns of pure hydrous alumina (AL)
calcined at different temperatures. Ba, bayerite; N, nordstrandite;
Bo, Boehmite; v, gamma alumina; 3, delta alumina; 8, theta alumina;
o, alpha alumina,

umina appeared. Material calcined at 450 and 650°C
(AL-450 and AL-650) gave diffraction peaks due to
gamma and delta alumina, while the peaks for delta
and theta alumina occurred in the patterns of AL-800
and AL-900. At 1000 and 1100 °C only theta alumina
was observed and at 1200 °C the peaks corresponded
to alpha alumina crystals.

Calcined ALS powders gave XRD patterns similar
to those obtained from AL. The only exception was
that all patterns of the ALS powder had alpha alum-
ina peaks, initially due to the seeds, whose intensity
increased with increasing calcination temperature
above 600 °C. Material calcined at 1000 and 1050 °C
(ALS-1000 and ALS-1050) showed only theta and
alpha alumina. Small amounts of residual theta alum-
ina were still present in ALS-1100.

The nitrated (ALN) and seeded/nitrated (ALSN)
hydrous alumina powders initially showed the pat-
terns for crystalline ammonium nitrate. They behaved
quite differently during subsequent heat-treatment
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Figure 2 Powder XRD patterns of nitrated/seeded hydrous alum-
ina powder (ALSN) calcined at different temperatures. Ba,
bayerite; N, nordstrandite; Bo, Bochmite; y, gamma alumina; 8,
delta alumina; 8, theta alumina; o, alpha alumina.

when compared with AL and ALS. There were sharp
peaks in the patterns of powder ALSN calcined below
600 °C due to the alpha alumina seed particles (Fig. 2).
When calcined at 350°C, both powders had very
broad peaks in the positions expected for boehmite,
indicating that the material was either amorphous or
cryptocrystalline. ALN-650 and ALSN-650 patterns
mainly corresponded to the peaks for gamma alum-
ina, while delta alumina peaks were also present in the
patterns of the materials calcined between 775 and
900°C. Only very minor amounts of theta alumina
were present in any of these powders, as the predomin-
ant peaks for the phase were almost absent in the
XRD patterns. The gamma and delta alumina peaks
were broader (Fig. 2) than the corresponding peaks in
the AL and ALS XRD patterns. This suggests that
either the atoms were arranged in a disorderly manner
in the unit cell of these phases in the calcined ALN and
ALSN, or that they had much smaller crystallite sizes.
However, TEM results (Section 3.1.3) showed that all
the transition aluminas had very fine crystallites
( < 10 nm), so it is unlikely that the increased broaden-
ing observed in these peaks was due to dramatic
changes in the crystallite size [13].

3.1.3. Transmission electron microscopy
(TEM)

TEM investigations of the powder AL-200 showed

that the major component of the powder consisted of

porous, spongy plates of irregular shapes in the size

range of 100-2000 nm (Fig. 3a). Electron diffraction

patterns from such fragments contained very diffuse,
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hardly detectable haloes, or a set of weak diffuse rings
with spacings consistent with those from aluminium
hydroxides. In addition, the TEM images of the pow-
ders showed the presence of relatively large, well-
formed rectangular crystals (ca. 1000 nm in size) of
bayerite.

200 nm
e L

Figure 3 TEMs of AL heat-treated for ! h at different temperatures
(°C): (a) 200; (b) 400; (c) 600; (d) 800; () 1000; (f) 1200.



Figure 3 {continued).

The morphology of the powders was unchanged
with increasing calcination temperatures up to
1000°C (Fig. 3b—e). The appearance of the porous
fragments was similar to those observed in AL-200.
However, the crystallinity of the fragments increased

el a

100 nm

Figure 4 TEM images of hydrous alumina calcined at 350°C for
1 h. (a) Powder ALS; (b) powder ALSN.

with increasing calcination temperature. The morpho-
logy of the fragments changed markedly after calcin-
ation at 1200 °C for 1h and the material consisted of
polycrystalline aggregates with a crystallite size of ca.
200 nm (Fig. 3f). The electron diffraction patterns
showed sharp spots, consistent with the d-spacings
expected for alpha alumina.

The TEMs of powders ALS, ALN and ALSN heat-
treated up to 900 °C showed fragments that were quite
similar in morphology to those observed in the cal-
cined powders of AL. The fragments present in the
specimens of ALS and ALSN contained embedded
angular crystals of alpha alumina (Fig. 4), the propor-
tion of which increased with increasing calcination
temperature (Fig. 5). Their presence is shown by spots
in the diffraction patterns, and their distribution can
be seen in the dark field images formed from beams
corresponding to such spots (Fig. 6). The morphology
of the materials again changed markedly after heat-
treatment of the powders at higher temperatures. The
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Figure 5 TEMs of ALS calcined for 1h at (a) 1000 °C; (b) 1100°C.

Figure 6 Dark-field TEM image of powder ALSN calcined at
850°C for 1h. The size and distribution of alpha alumina crystals
within the transition alumina fragments can be seen as bright areas
scattered uniformly throughout the fragments.
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Figure 7 TEM image of ALSN powder heat-treated at 950 °C for
1h. The theta alumina crystals present in the micrograph are
arrowed.

ALSN-950 powder appeared to be homogeneous and
consisted mainly of polycrystalline material with a
crystallite size of ca. 60 nm (Fig. 7) with a small
amount ( < 5%) of extremely fine (size < 10 nm, arro-
wed in the images) crystallites. Diffraction from the
finer crystals gave ring patterns corresponding to the
intense reflections of theta alumina, while the rela-
tively larger crystals gave sharp diffraction spots con-
sistent with those of alpha alumina (Fig. 8).

During thermal treatment, the hydrous alumina
transformed to several metastable transition aluminas
before ultimately converting to stable corundum crys-
tals [15, 16]. The transformation sequence and the
temperature at which different phases are formed
during heat-treatment will be determined by the
chemical composition and the structure of the initially
formed species. The XRD and TEM analyses of
the calcined powders revealed that both AL and ALS
undergo the following types of transformation during
calcination:

. —XH,0 . —H,0
Hydrous alumina —— Boehmite —— Gamma

—— Delta theta alpha alumina

The fact that both AL and ALS undergo a similar
transformation sequence during heat-treatment indic-
ates that the seed particles in the powder ALS did not
alter the primary particle formation during precipit-
ation or their structure in any significant way. How-
ever, the crystallization of aipha alumina occurred at a
lower temperature (Table I) for ALS, showing that the
seeds in the powder acted as nucleation sites. Seeds,
when present in a sufficient amount, have been re-
ported to reduce the theta to alpha alumina conver-
sion temperature because they reduce the activation
energy barrier involved in the thermally activated
nucleation process [10, 11].



Figure 8 Electron diffraction patterns of ALS powder calcined at
1000°C for 1h. (a) From areas of finer crystals; (b) from areas of
larger crystals.

The thermal characteristics of powders ALN and
ALSN can be explained by considering the influence
of ammonium nitrate present in the materials. The
effect of nitrate ions in reducing the transformation
temperature has been explained in detail elsewhere
[13] and is only briefly mentioned here. During calcin-
ation the ammonium nitrate decomposes with
release of a large amount of energy (210 KJmol™*
[17]) and oxides of nitrogen and nitric acid (by the
reaction of oxides of nitrogen with the hydroxyl ions
of hydrous alumina) evolve from the powder at 320 °C.
The reaction and the evolution of a large amount of
energy might:

1. Introduce a considerable amount of high energy
defects in the transition alumina matrix. When des-
troyed, partially or fully, these defects will release
energy which can contribute to the energy
needed to overcome the activation energy barrier for
nucleation of alpha alumina [13, 18].

2. Induce the transformation of some amount of
transition alumina to alpha at a relatively low temper-
ature and therefore the nitrate containing material will
always have a few extra alpha alumina nuclei than
those of AL and ALS (differences in nucleation density
[19]) which can help reduce the transformation
temperature.

3. Destroy the normal arrangement of atoms, pro-
ducing a highly disordered structure in the lattices of
the boehmite and other transition alumina phases
(Fig. 2). These disordered intermediate, metastable
phases will transform to the stable corundum struc-
ture when minimum, but sufficient, energy is given to
the system [13].

3.2. Sintering behaviour, microstructures and
mechanical properties of the materials

3.2.1. Sintering characteristics

Pore size distributions of the iso-pressed green com-
pacts are given in Fig. 9 and the other microstructural
features of the compacts are presented in Table II. The
most frequent pores appear at 130, 36, 57 and 26 nm
for the compacts AL, ALS, ALN and ALSN, respect-
ively. The compact ALS has a small amount of second
pore population in the 10-20 nm range which prob-

TABLE II Calcination temperature and surface area of the powders and the microstructures of the corresponding green bodies

Properties Materials
AL ALS ALN ALSN

Calcination temperature (°C) 1200 1100 1100 950
Phase analysis Alpha Alpha + > 5% theta Alpha Alpha + < 5% theta
Surface area (m?g™?) 8.4 21.9 122 35
Average crystallite size (nm)

(a) TEM 200 90 120 60

(b) Surface area® 180 69 124 43
Green Density (% TD) 46 40 58 47
Most frequent pore size (nm) 130 57 36 26
Open pore volume (mig™') 0.324 0.300 0.214 0.265

* Calculated assuming spherical crystallites.
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Figure 9 Pore size frequency distribution of iso-pressed green
compacts of powders AL, ALS, ALN and ALSN.
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Figure 10 Bulk density (expressed as % TD) of AL (6—9),
ALS (@), ALN (x) and ALSN (O-0) sintered at 1200-1600°C
for 2h.

ably relates to the residual theta alumina present in
the powder. The smaller pore size distribution for
ALSN compared to other materials suggests that it
compacted uniformly. The powder was composed of
soft agglomerates with fine particles (Fig. 7) which
could pack uniformly with a narrow pore size dis-
tribution during compaction.

Bulk density [expressed as the percentage of theor-
etical density (TD)] of the materials sintered between
1200 and 1600 °C is shown in Fig. 10. AL started to
sinter only above 1300 °C and the material needed to
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be sintered at 1600 °C to achieve about 98% TD. On
the contrary, ALSN commenced sintering as low as
1000 °C and attained ca. 99% TD when sintered at
1450 °C for 2 h. The sinterability of ALS and ALN was
moderate: these materials had sinterability better than
AL but worse than that of ALSN. Both ALS and ALN
reached ca. 97% TD when sintered at 1500 °C.

3.2.2. Microstructure and mechanical property
results

SEMs of AL sintered at 1450 and 1500 °C, and ALS
and ALSN sintered at 1450°C for 2h are given in
Fig. 11. SEM images of AL show uneven grain growth
(areas of larger and smaller grains) and discontinuous
grain growth. The sintered ceramics also had areas of
dense and less sintered regions (Fig. 11a and b). The
material sintered at 1450 °C had an average grain size
of ca. 1.8 um, which increased to 3.5 and 9.0 pm after
sintering at 1500 and 1600 °C, respectively. ALS and
ALSN exhibited normal grain growth with an increase
in sintering temperatures, and the sintered ceramics
had relatively uniform microstructures (smaller grains
with narrow size distribution, Fig. 11c and d). Grain
size analysis, using the linear intercept method, show-
ed an average grain size of 0.94 pm for ALSN sintered
at 1450°C, which increased to ca. 1.40 um after
sintering at 1500 °C.

Fracture strength and toughness results of AL and
ALSN sintered at different temperatures are given in
Table III. These results are discussed in detail else-
where [20], but some features are relevant for the
correlation of properties with sintered ceramic micro-
structures. The fracture strengths exhibited by these
materials were significantly higher than those reported
for conventionally milled and sintered aluminas [21].
The material sintered between 1450 and 1500 °C had a
fracture strength > 750 MPa, with a toughness of
5.5 MPa m!/2, both of which are much higher than the
values exhibited by AL. The improvement in the
properties of ALSN compared to AL can be related to
differences in the microstructures of the ceramics
fabricated from the two powders.

The differences in the sinterability of the materials
and the resultant ceramic microstructures can be.ex-
plained by considering the characteristics of the pow-
ders and the compacted green bodies (Figs 3f, 5b, 7
and 9, Table II). ALS and ALSN contained relatively
fine weakly aggregated crystallites which packed uni-
formly with a narrow pore size distribution compared
to AL and ALN. The latter powders were composed of
relatively strong aggregates (necking can be seen in
Fig. 3f). However, the sinterability of ALS was less
than that of ALSN because the residual theta alumina,
which transformed to alpha only at 1200 °C or above,
controlled the sinteractivity of the material. The finer
alpha alumina crystals in ALN packed uniformly with
smaller pores and hence sintered faster than AL.

The kinetics of densification and grain growth are
closely related [22]. In the early stages of sintering
grains grew almost linearly with densification, but
grain growth was very rapid once the density of the
compact reached > 90% TD [23]. However, the



Figure 11 SEMs of materials sintered for 2h (a) AL-1450°C; (b) AL-1500°C; (c) ALS-1450°C; (d) ALSN-1450°C.

TABLE III Relative density (% TD), fracture strength (o, MPa), fracture toughness (K ;c, MPam'/?) and average grain size (GS, pm) of AL

and ALSN alumina powders sintered at different temperatures for 2 h

Sintering temp. (°C) Properties of AL

Properties of ALSN

o Kic % TD GS o Kic % TD GS
1400 - - - - 475 5.3 93.4 0.79
1450 280 - 88.0 1.8 729 5.5 98.7 095
1500 320 - 94.6 36 797 5.5 99.2 1.20
1600 460 37 98.4 9.0 - - - -

amount of grain growth required for the achievement
of full density depends on the pore coordination num-
ber (n; pore surrounded by number of grains). If n < n,
(critical coordination number) then the grain growth
needed for full densification is small [24]. ALSN had
an average pore size of ca. 26 nm, i.e. almost five times
smaller than the average pore channels of the compact
AL (Fig. 9). Accordingly, the amount of grain growth
needed for AL is high.

4. Conclusions

1. Pure hydrous alumina (AL) transformed to
corundum crystals at ca. 1200°C. The powder was
composed of relatively strong, large aggregates and
the material required sintering at 1600 °C to fabricate
dense ceramics with reasonable fracture properties.

2. Crystallization of alpha alumina occurred at ca.
1100 °C when hydrous alumina contained either alpha
alumina seeds (ALS) or nitrate ions (ALN). These
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powders reached almost the same density (> 97%
TD) when sintered at 1500 °C irrespective of the differ-
ences in both powder and compacted green body
microstructures.

3. ALSN powder was almost fully converted to
alpha alumina at 950°C. The resulting powder con-
tained soft agglomerates with fine, uniform crystallites
which densified to > 99% TD at 1450°C. The sin-
tered ceramic had a uniformly fine grained micro-
structure and exhibited relatively high fracture
strength and toughness.
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