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Abstract

Mechanical activation of gibbsite containing 0.5–5 vol. % of alumina nanoparticles was carried out in a plan-
etary mill. It was demonstrated that upon 10g acceleration and above, subsequent calcination at 800 °C resulted 
in the complete transformation of aluminium hydroxide into a stable modification of alumina with particle size 
below 100 nm. Thermal treatment of activated aluminium hydroxide in wet media inhibits aggregate formation. 
Furthermore, powder-compacted samples are sintered till densities higher than 98 % of theoretically possible 
at 1350 °С.
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INTRODUCTION 

Due to a combination of good hardness, chem-
ical inertness, availability, and efficiency, alumina 
is most demanded as a ceramic material. Never-
theless, its use is held back by poor cracking re-
sistance (3–4.5 MPa•m0.5) and sensibility to ero-
sive and abrasive impact. A fundamental cause of 
poor strength of Al

2
O

3
-based materials is aniso

tropy of thermomechanical properties of stable 
crystal α-modification characterised by the hex-
agonal structure of the unit cell. When the mate-
rial is formed by high-temperature sintering in the 
cooling step, chaotically oriented crystals (grains) 
turn out to be uncorrelated with differently ori-
ented neighbours according to thermal expansion 
coefficients. As a result, there are intergranular 
microstresses, the value of which is proportional 
to the grain size. 

Modern methods to increase Al
2
O

3
-based ma-

terials strength are based on reducing technol-
ogy microstresses due to grain size preservation 
in the nano-range [1]. That requires the use of 

initial ceramic powders with the minimum par-
ticle size.

New methods to produce such powders envis-
age the precipitation of gels containing inoculat-
ing α-Al

2
O

3
 nanocrystals, [2–4], the preparation 

of the organic matrix to separate growing oxide 
particles [5–8], gel freezing [9], the use of cata-
lysts [10], mechanochemical synthesis, etc. [11]. 
Nevertheless, all of them have not found practi-
cal use on an industrial scale so far.

For example, low-temperature calcination of 
gels containing seed nanoparticles allows produc-
ing ceramic powders of exceptionally high quality 
that are able to ensure a density of a material 
sintered at a temperature of 1300 °C (instead of 
the traditional 1600–1800 °C) more than 98 % of 
the theoretically possible while maintaining the 
grain size of 0.1–0.2 µm. Nevertheless, large scale 
production of alumina (around 500 t/year only 
for the needs of the military-industrial complex) 
is economically impractical. There is no current 
industrial production of sufficiently pure alu-
minum nitrate or aluminum oxalate of at the re-
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quired scale in Russia. Furthermore, even the 
theoretical mass yield of α-Al

2
O

3
 from aluminum 

nitrate is just 13–14 %, whereas that from alu-
minum oxalate is 16–17 %, which naturally makes 
alumina cost higher. 

On the other side, a number of enterprises on 
aluminum hydroxide production (alumina content 
of 65 %) are functioning in Russia, due to which it 
is relevant to explore the effect of seed crystals 
and other techniques developed in salt sources on 
the crystallization of alumina from Al(OH)

3
.

The initial aluminum hydroxide is completely 
transformed into α-alumina at temperatures not 
lower than 1200 °С, which inevitably results in 
the formation of coarsely dispersed powders. At-
tempts to reduce the crystallization temperature 
of α-Al

2
O

3
 from Al(OH)

3
 by introducing seed par-

ticles into boehmite sol were made as early as in 
1985. The authors of [12] succeeded in lowering 
the crystallization temperature to 1050 °C to pro-
duce a powder with particle sizes in the 0.1–
0.4 µm range. Whereas in [13], when 10 % of pseu-
doboehmite was added, a powder with a narrow 
distribution of particle size in the 0.2–0.3 µm 
range was produced. As noted in [14], treatment 
of the Bayer method-derived aluminum hydrox-
ide in a mill (apparently, roll) by Al

2
O

3
 balls fa-

cilitates reducing the transition temperature into 
the α-modification to 1100 °C and the formation 
of particles in 0.45–0.7 µm size range. The authors 
associate this grinding media wear that reaches 
23 % of the treated material and according to the 
authors, is a source of seed particles. For a plan-
etary mill, mechanical activation (MA) of above 
15g of gibbsite containing 1–5 % of alumina par-
ticles with a size 25 nm reduces the temperature 
of complete transformation into the α-phase to 
800–850 °С, whereas crystallite size of the gener-
ated powder is 0.050 µm [15].

Moreover, it was demonstrated that inten-
sive MA of gibbsite causing its amorphization 
even with the lack of seed crystals leads to a de-
crease in the α-Al

2
O

3
 crystallization temperature 

[16–18] up to 900 °С upon certain thermal treat-
ment conditions. According to high-resolution 
electron microscopy (HREM) data [19], 2–3 nm 
domains with α-Al

2
O

3
 structure are formed in ac-

tivated gibbsite. In such a way, the effect of an 
increase in crystallization temperature and there-
fore product particles is apparently identical with 
the effect of seed particles.

It is worth noting that MA of γ-alumina with 
steel or tungsten carbide balls in planetary mills 

leads to direct transformation of aluminum 
oxide into the stable α-modification [20, 21], 
however, the development of this method is un-
likely due to pollutions inevitable here.

Unfortunately, there is no data regarding the 
purity of the synthesized α-Al

2
O

3
 or its successful 

use to produce ceramics in none of the noted pa-
pers. Therefore one may suggest only the pres-
ence of the qualitative effect of seed crystals ver-
sus α-Al

2
O

3
 crystallization.

EXPERIMENTAL

The research work used finely dispersed alu-
minium hydroxide (manufacture of BaselCement 
CJSC, TU 1711-046-00196368–95) and analytical-
ly pure aluminum hydroxide (Donetsk Plant of 
Chemical Reagents, GOST 118418–76); α-Al

2
O

3
 

nanopowders with an average particle size of 
about 20 or 50 nm produced according to meth-
ods described in [22] and [15], respectively, were 
used as a seed. The seed was mixed with Al(OH)

3
 

in certain proportions; 7 g of the mixture was 
exposed to mechanical processing in the AGO-2M 
mill using drums and balls made of zirconium di-
oxide, the ratio of the loading mass to the mass of 
the balls was 20 : 1 (Table 1).

If it was required to produce media of high 
moisture content, powders were calcined in a 
LAC 04/17 or Carbolite 15/180 furnace after me-
chanical treatment. The heating rate was 5 °С/min.

The resulting powders were pressed into tab-
lets with a diameter of 16 mm and a height of 
3–4 mm at a pressure of 30 MPa by dry uniaxial 
pressing followed by isostatic compression at a 
pressure of 200–250 MPa on the AIP3-12-60C 
plant (American Isostatic Press, USA). After 
pressing, the samples were sintered in air inside a 
LAC 04/17 furnace at a heating rate of 5 °C/min 
and an isothermal exposure of 1.5 h. The density 
of the resulting ceramics was determined by the 
Archimedes method according to GOST 20018–74.

X-ray phase analysis of powders and crystal-
lite size determination was carried out using a 
DRON-4 X-ray diffractometer with the CuKa1 
radiation and a graphite monochromator, and 
also with a Bruker D8 Advance diffractometer 
with a step of 0.02° and an accumulation time of 
0.2 s. The crystallite sizes, coherent scattering re-
gions (CSR), in powders and grains in sintered 
materials were determined using PowderCell 2.4 
or TOPAS software with the required introduc-
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tion of reference samples produced under identi-
cal survey conditions. The results for both pro-
grams match with an accuracy of a few nanom-
eters. If the X-ray diffraction pattern had other 
phases, in addition to α-Al

2
O

3
, its content was 

roughly evaluated according to the ratio of peak 
areas attributed therein towards the other ones.

Electron micrographs were acquired using 
Hitachi 3400 SN and JEM2000FX2 microscopes. 
The powder was pretreated with ultra sound in 
a slightly acidic aqueous solution (pH ~ 3.5).

RESULTS AND DISCUSSION

Figure 1 gives X-ray diffraction patterns of 
the initial aluminum hydroxide calcined at 800 °С 
and mechanically activated species. It can be seen 
that the X-ray diffraction pattern of unactivated 
Al(OH)

3 
does not have α-modification reflections, 

whereas after treatment with 20g, this is the only 
phase except for a hardly apparent peak of the 
δ-phase (indicated with an arrow in the figure). 
A less intensive activation with 15g yields a mix-

TABLE 1

Transition degree into α-Al
2
O

3
 and particle size versus mechanical activation conditions

Acceleration, g Time,  
min

Ball diameter,  
mm

Amount of introduced  
seed, %

Transition degree 
into α-phase, %

Calcination 
temperature, °С

CSR size,  
nm

25 20 10 5 100 800 45

25 20 10 5 (50 nm) 100 870 80

20 20 10 5 100 800 53

20 20 10 5 (15 nm) 100 850 57

15 20 10 5 100 800 50

15 20 10 1 100 850 90

15 20 3 5 100 850 55

10 20 10 3 100 850 60

7.5 20 5 5 –70 850 69

5 20 5 5 –85 900 88

5 20 5 5 –80 850* 97

5 20 10 5 –70 870 81

1 180 15–20 5 –50 930 N/D

1 400 15–20 5 –50 930 N/D

Mortar 30 – 5 –30 900 N/D

Note. CSR is coherent scattering regions; N/D indicates not determined.

*Sample is produced in media of high moisture content. 

Fig. 1. X-Ray diffraction patterns of the initial aluminum hydroxide calcined  
at 800 °С (a) and activated species with 15g (b) and 20g (c). 
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ture of the α-phase and intermediate modifica-
tions of Al

2
O

3
. However, if small amounts of seed 

nanoparticles are added to Al(OH)
3
 powder treat-

ed with 15g, even at such a low temperature, one 
may produce the 100 % phase (Fig. 2).

It is obvious that the particle size of the prod-
uct produced at this temperature is significantly 
lower than that after standard calcination at 
1200 °С, i.e. around 50 nm instead of 3–4 µm. 
Table 1 gives some typical data acquired under 
different MA conditions. As can be seen, mechan-
ical treatment intensity in our experiments is no 
less than 10g. When intensities are lower, one 
fails to carry out complete transformation into 
α-Al

2
O

3
 at temperatures smaller than 900 °С (the 

generated powder is comprised of particles with 

a size of lower than 100 nm precisely at these 
temperatures). When using a seed with a greater 
size (50 nm), product particles are approximately 
twice bigger, too. However, they correspond to 
the nano range. 

Figure 3 demonstrates the amount of the in-
troduced particle. Accepting that seed particles 
act as α-phase crystallization sites, then a de-
crease in product particle size is qualitatively un-
derstandable with an increase in the number of 
these centres. Nevertheless, it is impossible to de-
termine the number of centres generated result-
ing of MA not knowing how many embryos are 
artificially introduced. 

Thuswise, upon an increase in seed amount 
from 0.5 to 5 %, i.e. by ten times, crystallite size 
had to decrease in  times, whereas in 
reality, it was decreased by 1.5 times. The same 
amount of crystallization centres, as when intro-
ducing around 1.5 % of the seed is likely to be 
generated resulting from MA. 

During low-temperature calcination of Al(OH)
3
 

activated with seed particles, the monophasic prod-
uct is generated, its crystallite size being almost 
comparable with that for powders produced from 
aluminium oxalate or aluminium nitrate [4, 15].

Nevertheless, its behaviour during sintering 
differs significantly. Table 2 gives data regarding 
the densities of samples compacted by dry press-
ing and sintered. It can be seen that unlike me-
chanically activated aluminium hydroxide, alu-
minium salts-produced powders have exception-
ally high densities for specified temperatures and 

Fig. 2. X-ray diffraction patterns of aluminum hydroxide activated with 15g and 
calcined at 800 °C, free of (a) and containing 0.5 (b) and 5 % of seed particles (b).

Fig. 3. Alpha-alumina crystallite size versus amounts of 
α-Al

2
O

3
 seed particles in gibbsite activated with 15g and cal-

cined at 800 (1) and 900 °C (2).
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therefore the submicron microstructure with good 
mechanical properties. Moreover, an increase in 
sintering temperature to 1500 °С does not facili-
tate a substantial rise in density. 

As can be seen in the electron micrograph of 
the powder produced with 15g of Al(OH) with 
3 % of the seed (Fig. 4), alongside with small par-
ticles (50–70 nm), there are relatively large ag-
gregates (over 200 nm) with particles that are 
closely stuck together and probably recrystal-
lized. Materials generated from such powders do 
not usually reach high densities when sintering [23].

Assuming that the formation of dense aggre-
gates from Al

2
O

3
 proceeds during calcination due 

to their binding among themselves via oxygen 
bridges 
Al

2
O

3
–OH + OH–Al

2
O

3
 → Al

2
O

3
–O–Al

2
O

3
 + H

2
O

then, according to the Le Chatelier principle, the 
equilibrium may be shifted to the left, having 
increased the pressure of water vapours during 
the process. 

Figure 5 shows the photograph of the powder 
with 3 % contents of seed particles. The powder is 
activated with 15g and calcined in humid air with 
a water vapour pressure greater than 10 kPa. In 
comparison with Fig. 4, the crystallites in the pow-
der have a somewhat greater size, the round 
shape, and narrow size distribution, and also there 
are no large aggregates. Due to compacting by the 
dry isostatic pressing of this powder at 200 MPa, 
the sample that sinters in air at 1350 °С to a den-
sity of 3.91 g/cm3, i.e. to that greater than 98 % of 
theoretically possible value, has been produced.

CONCLUSION

Relatively gentle mechanical treatment of gibb-
site in a planetary mill at ≥10g accelerations to-
gether with a small amount of α-Al

2
O

3
 nanopar-

ticles facilitates product formation. The material 
completely passes into the stable a-modification 

Fig. 4. Electron microscopic image of aluminum hydroxide 
containing 3 % of seed particles activated with 15g and cal-
cined in air at 800 °C.

Fig. 5. Electron microscopic image of aluminum hydroxide ac-
tivated with 15g and calcined in media of high moisture con-
tent at 800 °C. 

TABLE 2

Crystallite size of and the sintering behaviour of powders of aluminium salts and Al(OH)
3
 

Initial components Phase composition Crystallite size, nm Density at 1300–1350 °С, %  
of theoretically possible

Аl(NО
3
)
3
 + 4 % seed 100 % a-Аl

2
О

3
60–80 98

Аl
2
(С

2
О

4
)
3
 + 3 % seed 100 % a-Аl

2
О

3
95 98

Аl(ОН)
3
 + 0.5–5 % seed 100 % a-Аl

2
О

3
60–80 89–92

Аl(ОН)
3
 + 0 % seed 100 % a-Аl

2
О

3
95 86
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with crystallite size of below 100 nm already at 
800 °С. Herewith, the powder is partially aggre-
gated and therefore uncured blanks compacted 
therefrom do not reach high densities upon sin-
tering. Thermal treatment of activated powders 
in media with elevated water vapour pressure 
allows avoiding particle aggregation and almost 
non-porous materials are generated already at a 
sintering temperature of 1350 °C.
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