ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Ceramics International 37 (2011) 3329-3334

CERAMICS

INTERNATIONAL

www.elsevier.com/locate/ceramint

Calcination and associated structural modifications in boehmite and
their influence on high temperature densification of alumina

Padmaja Parameswaran Nampi *, Swapankumar Ghosh, Krishna Gopakumar Warrier

Materials and Minerals Division, National Institute for Interdisciplinary Science & Technology (NIIST), CSIR, Trivandrum 695019, Kerala, India

Received 29 November 2010; received in revised form 8 March 2011; accepted 7 April 2011
Available online 1 June 2011

Abstract

A systematic study is reported on the calcination of boehmite and its associated structural changes, and their effect on densification features.
Boehmite precursor gels have been calcined in the temperature range 250-1200 °C. The associated structural changes are identified by FTIR and
XRD. The specific surface area measurements indicated a relatively high value of 169 m?/g for boehmite calcined at 400 °C; this value reduced to
4 m*g on calcination at 1200 °C. In the temperature range 4001000 °C, the coordination of aluminium changes from a quasioctahedral to a
tetrahedral nature, which reverts to octahedral at 1200 °C. The precursor containing y-alumina gives a 92.1% theoretical density, on sintering at
1500 °C due to the highly unstable quasioctahedral coordination. Boehmite precursors calcined at 400 °C and 1000 °C produced a density of 88.2%
and 96.9%, respectively, in the sintered compact at 1500 °C. Boehmite calcined to a-alumina (1200 °C) possesses an octahedral structure having a

density of 97.6% at 1500 °C.
© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

The sol-gel technique for the preparation of ceramic
precursors offers a variety of advantages over conventional
ceramic processing in terms of lower processing and sintering
temperatures, as well as fine-grained microstructures [1]. Sol-
gel boehmite is a common precursor for the preparation of
alumina-based ceramics, composites and catalysts [2—4]. The
structure of boehmite, as well as its variation with respect to
various synthesis procedures, has been investigated using solid
state NMR spectroscopy [5-7]. When heated, boehmite gel
undergoes changes such as dehydration, dehydroxylation and
the formation of a number of transitional alumina phases
leading finally to stable «-alumina phase [8-15]. The
transformation of boehmite to y-alumina at around 500 °C is
not accompanied by shrinkage in volume and, therefore, results
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in a relatively porous structure possessing high specific surface
area [16]. The whole process of dehydroxylation of boehmite is
associated with a total volume reduction of about 35% and this
results in constrained densification when a boehmite—alumina
mixture is used for the fabrication of porous alumina ceramics
[17]. The different phases of alumina formed during calcination
of boehmite are used in various applications. While y-alumina
is used as solid acid catalysts, a-alumina is the preferred phase
in high-temperature structural applications. X-ray diffraction
(XRD) technique along with FTIR, neutron scattering and
NMR has been employed to identify and characterize these
phases [18-22]. The dehydroxylation of boehmite gel and
formation of different transitional alumina phases are widely
reported [19]. In addition, sintering and densification of
boehmite precursor gels have been investigated [23,24].
Addition of nucleating seeds is one of the ways of obtaining
low temperature a-alumina phase from boehmite [25]. A report
by Bahlawane and Watanabe indicated the possibility of
obtaining the «-alumina phase directly from boehmite at
950 °C, when starting from a non-aqueous precursor [26]. It is
reasonably well understood that densification steps of alumina
are correlated with the loss of hydroxyl groups [27]. Therefore
calcination and dehydroxylation conditions have a definite
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influence on the sintering behavior of the resultant aluminium
oxide [24,28]. Calcination of boehmite precursor involves
structural transformation among the various metastable
transitional alumina phases, which should have a bearing on
the densification of alumina. However, detailed information on
the effect of calcination temperature on the structural changes
in boehmite, surface area properties and densification behavior
of alumina thus obtained, is not reported. In the present paper,
boehmite precursor synthesised by an aqueous sol-gel route is
calcined at different temperatures and the effect of associated
structural changes in high temperature densification is reported.

2. Experimental

Boehmite sol was prepared by dispersing 20 g boehmite
powder (Condea Chemie, GmbH, Germany) in 1.2 1 distilled
water and peptizing it with 10% HNO; to a stable sol at pH 3
followed by ageing at 30 °C for 24 h. The sol was concentrated
on a water bath to a viscous state and dried under controlled
conditions of 72% relative humidity (RH) at 45 °C. The
translucent flat gel pieces obtained on drying were calcined at
250 °C for 5 h to remove gel water. These calcined pieces were
powdered and about 1g dry calcined powder each were
calcined at 400, 600, 800, 1000, 1050, 1100 and 1200 °C at a
heating rate of 5°C/min in a programmable furnace
(Nabertherm, Germany) with a soaking for 3 h at the peak
temperatures. Circular pellets were made from the calcined
boehmite by applying a uniaxial pressure of 150 MPa and are
denoted as P40(), P6007 Pg()(), P10007 P1050, P1 100 and P1200~ All the
pellets were sintered at 1400 and 1500 °C over a soaking period
of 3h. The densities of the pellets were determined by
Archimedes’ method. The X-ray diffraction patterns of all the
calcined samples were recorded using a Philips PW1710
diffractometer with Cu Ko radiation and Ni filter. The
crystallite sizes (Dxgrp) of crystalline phases of boehmite were
calculated from the X-ray line broadening by applying full-
width-half-maximum (8) of highest intensity peak to the
Scherrer formula [29] given in Eq. (1).
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where XA is the wavelength of incident X-ray, and 6 the
diffraction angle for the (4 0 0) plane for y-Al,O3, (4 00)
for 8-Al,05 and (1 13) in the case of «-Al,03. Thermal
decomposition behavior of boehmite gel was monitored by
DTA (Shimadzu 50H, Japan) at a heating rate of 10 °C/min.
The FTIR spectra of the boehmite and calcined boehmite
samples as KBr pellets were taken in Nicolet Magna-560
Infrared Spectrometer in the wavenumber range 400—
4000 cm™'. The BET surface area of boehmite and calcined
boehmite samples were measured using a Gemini Surface Area
Analyser (Model-2360, Micromeritics, USA) by the nitrogen
adsorption method after degassing them at 200 °C for 5 h under
flowing nitrogen. The scanning electron micrographs (SEM) of
a few selected fractured samples were taken by a JEOL JSM
5600LV Scanning Electron Microscope.

3. Results and discussion

The differential thermal analysis pattern of the boehmite
precursor gel is presented in Fig. 1. The DTA indicates an
endotherm at ~440 °C due to the formation of y-Al,O5 [30].
The final conversion to crystalline a-Al,O5 at about 1130 °C is
indicated by a small broad exothermic peak. The phase
formation and the structural aspects in the calcined powders
were monitored by X-ray diffraction and infrared spectroscopy.
The X-ray diffraction patterns of dried gel, gel calcined at 400,
900, 1000 and 1200 °C are given in Fig. 2. The boehmite gel
dried at 72% RH and 45 °C, gave a characteristic pattern of
moderate crystalline boehmite phase (Fig. 2a). The 400 °C
calcined sample produced a mixed boehmite and y-Al,O;
phase giving a comparatively less crystalline pattern (Fig. 2b).
Calcination at 900 °C (Fig. 2¢) produced a mainly amorphous
sample, but with the presence of a poorly crystalline component
of the 3-Al,05. At 1000 °C, the 8-Al,03 phase becomes sharper
with the onset of a 0-Al,O5; transformation (Fig. 2d). At
1200 °C, highly crystalline «-Al,O; phase is observed
(Fig. 2e). Calculation from Scherrer equation shows y-alumina
has crystallite size of 7 =2 nm. The crystallite size of -
alumina was 15 £ 2.5 nm, while the a-alumina had a crystallite
size of 33 £+ 0.5 nm (Fig. 3).

The thermal transformation sequence for boehmite [26] as
evident from XRD patterns and as reported earlier is given in
Fig. 4.

The variation in specific surface area and pore volume of
boehmite calcined at different temperatures is given in Fig. 5.
The specific surface area of the dried gel was 139 m*/g which
increased to 173 and 169 m%g on calcination at 250 and
400 °C, respectively. On calcination at 250 °C, removal of
unbound water and some structural hydroxyl groups results in
high surface area, but the value is rather low when compared to
the same reported by Lu et al., where a surface area value of
460 m2/g at 80 °C has been observed [31]. Boehmite contains
adsorbed water on the grains and interlayer water in the crystal
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Fig. 1. DTA pattern of boehmite gel.
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Fig. 2. X-ray diffraction patterns of gel (a) as dried, and gel calcined at (b)
400 °C; (c) 900 °C; (d) 1000 °C; and (e) 1200 °C.

structure. Furthermore, two types of hydroxyl group were also
reported in the crystal structure of boehmite and transitional
aluminas, one of which dehydrates during the conversion of
boehmite into y-Al,O5 at around 500 °C, another remains in +y-
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Fig. 3. Crystallite sizes of various alumina phases ('y) y-Al,O3; (8) 3-Al,03; (0)
0-Al,05; and (o) a-Al,O3 using Scherrer equation.

300-500°C 700-900°C
y- AIOOH (Boehmite, B)——> B, y- ALO; ——>  8-AL,0;

900-1000°C
—

1050°C
—

1200°C

(X-Ale3

6-, 9—A1203 6—, e-, (X-Ale}

Fig. 4. Thermal transformation sequences for boehmite.

Al,O3, being gradually lost on further heating [31]. At 400 °C,
the hydrogen bonds in the gel disintegrate and minute
crystallites of y-Al,O5 start forming, thereby causing less
reduction in specific surface area. On further increasing the
calcination temperature from 400 °C to 600 °C, the nucleation
and growth process of y-Al,O3 continues and the precursor
becomes rich in y-Al,05. The specific surface area of calcined
gel is not changed appreciably until the temperature 400 °C is
reached. The slight reduction of BET surface area at 400 °C is
due to initiation of grain growth with associated reduction in
surface energy. In the temperature range 400-1000 °C pore
coalescence caused by the collapse of porous structure results
in the progressive reduction in specific surface area, as well as
pore volume, leading to particle coarsening [28]. The
transitional alumina phases, such as 8-, 8-Al,O5 start forming
at around 900 °C. At 1050 °C, a-Al,0O5 phase formation is
initiated and at 1200 °C, the transformation is complete
resulting in grain coarsening with a subsequent reduction in
specific surface area.

FTIR spectra of boehmite samples calcined at 250, 400, 900,
1000 and 1200 °C are given in Fig. 6. The FTIR studies indicate
that the gel has only octahedral coordination [19]. The v-AlOgq
and v-AlO, peaks, reported in the region 500-750 cm ™' and
750-850 cm ', respectively, [19] are observed in the spectra
(Fig. 6) with small shifts. The absorption band due to the Al-O—
H bending mode is observed at ~1138 em ™ in Py though it is
expected in the 900-1100 cm ™! range. The stretching modes at
3097 and 3292 cm ! (not shown here) are due to vs(Al)OH and
v,s(Al)OH stretching vibrations. The shifting of Al-O-H bond
stretching frequencies towards lower frequency and bending
modes towards higher frequency from the reported values
suggested that the boehmite gel is highly hydrogen bonded
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Fig. 5. Variation in specific surface area (empty squares) and pore volume
(filled circles) of boehmite as a function of temperature of calcination.
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Fig. 6. FTIR spectra of boehmite gel calcined at temperatures (a) 250 °C; (b) 400 °C; (c) 900 °C; (d) 1000 °C; and (e) 1200 °C.

[19]. At 400 °C, the AI’* cation exists in tetrahedral and
quasioctahedral coordination in y-Al,O3 [16]. In the tempera-
ture range 700-1000 °C, aluminium exists in tetrahedral and
octahedral/quasioctahedral coordination in 8-Al,O; and 6-
Al,Oj3 [16]. Quasioctahedral represents a coordination state in
which the Al is on the way to octahedral through tetrahedral and
tetragonal distortion stages. In the powder calcined at higher
temperatures (above 900 °C), the relative intensity of absorp-
tion at ~830 cm™! due to v-AlO, decreases, indicating that
aluminium moves towards octahedral coordination. Sharpening
of the absorption peaks (Fig. 6) at higher temperatures as a
result of the increased structural ordering is evident in the
transitional alumina transformation sequence [32]. At 1200 °C,
the AlQOgq stretching and bending modes get sharper and split
into two peaks at 590 and 442 cm ™' indicating the formation of
a corundum phase (a-Al,O3).

Densities of samples P4o0, Psoos Pso0s P1000> P1050» P1100 and
P1500, sintered at 1400 °C and 1500 °C, are presented in Fig. 7.
There is a constant improvement in density on sintering as the
calcination temperature of the boehmite precursor is increased
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Fig. 7. Variation of % theoretical density of as compacted cylindrical samples
(squares), sintered at 1400 °C (circles) and 1500 °C (triangles) as a function of
calcination temperatures.
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from 400 to 1200 °C at both the sintering temperatures. Sample
P4 gives a density of 80.5% on sintering at 1400 °C. The
density gradually increases to 92.1% when the calcination
temperature is 1200 °C (P1,00) under identical conditions. The
density of Py, increases to 97.6% as the sintering temperature
is further increased to 1500 °C. Calcination of boehmite gel
above 250 °C destroys only the boehmite surface hydroxyls
leaving the structural oxygen layers unaffected. At 400 °C, the
gel is partially dehydroxylated [19]. As dehydroxylation
proceeds, more and more surfaces are produced with highly
unstable cationic species and at 600 °C, almost all the OH
species escape resulting in the complete formation of y-Al,O3
[16]. There is a marked improvement in density from 88.2% to
93.1% on sintering P 4o and Pgoo at 1500 °C. The presence of y-
Al,O3 helps the sintering process of alumina by providing
additional nucleation sites [33]. Highly unstable cations in -
and 8-Al,O; have high mobility and they contribute to
aluminium cation diffusion sintering [16]. The unit cell of -
Al,0Oj; is considered to be made up of skeletal oxygen layers
which remain intact after the OH layers of the boehmite
precursor are broken down. This leaves a cell with initially
empty inter-skeletal layer regions. Short range ordering occurs
within the unit cell whereby cations migrate into site positions
within the inter-skeletal layers. The atoms within these regions
will be rather disordered initially but increasingly become
ordered as the structure evolves with higher temperature
treatment. More atoms migrate into the inter-skeletal layers as
the structure evolves, with the proportion of octahedrally and
tetrahedrally coordinated aluminium remaining constant. It is
this migration of ions which help in the process of sintering. A
new transitional phase, y'-Al,Os, has been identified by Paglia
et al. [12] which may be considered as a series of transition
states within the y- to 0-Al,O5 transformation. The cation
ordering is more obvious in this structure of vy'-Al,O3 (with
fewer site positions being occupied with increasing calcination
temperature) [31]. It is reported that the increase in tetragonal
distortion of vy'-Al,O; coincided with the migration of
vacancies to octahedral positions [12]. The tetragonal distor-
tions in - and 3-Al,05 coincide with the vacancy ordering on
tetrahedral and octahedral sites, respectively, and the change in
the tetragonal distortion relates to the cation migration between
the sites. The cations in the octahedral sites are considerably
disordered, which is a consequence of the rapid change in the
structure of y'-Al,O5 with increasing temperature of treatment
[12]. These disordered cation migrations enhance diffusion
sintering. On further increase of calcination temperature, the
density of the sintered product (at 1500 °C) is improved only
marginally. However, above 1050 °C, transitional alumina
transforms into a-Al,O5; where all the aluminium cations are
octahedrally coordinated in three dimensions into compact
particles; hence, there is sintering to dense (97.6% theoretical
density) product by volume diffusion. It is seen that boehmite as
well as a-Al,O5 has AI’* in octahedral coordination, but exists
in different crystal structures [19]. Samples containing a
boehmite phase have lower density compared to one containing
a-Al,O3. This is due to hydroxyl ions which form zig-zag
chains in between the planes of oxygen ions [8]. Thus Al in
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Fig. 8. SEM photographs of sintered alumina at 1500 °C, derived from
boehmite precalcined at (a) 400 °C and (b) 1200 °C.

phase pure boehmite and «-Al,O3 possesses octahedral
coordination while the Al in vy-, 8-, 6-Al,03 are in both
octahedral and tetrahedral coordination with an increased
tetragonal distorted structure; that is in a quasioctahedral
coordinated state.

The difference in microstructural features of sintered
alumina at 1500 °C, derived from boehmite precalcined at
400 and 1200 °C is presented in Fig. 8. Micrographs presented
in Fig. 8a have sub-micron sized grains with sufficient
intergranular pores. The grains appear elongated and have
nearly uniform size and shape. On the other hand, the
micrograph presented in Fig. 8b indicates larger grain size
(~1 pm) with hexagonal to rounded shape. There are also
occasional intragranular pores. The increase in density in Pj50q
sintered at 1500 °C is evident from the micrographs.

4. Conclusion

As demonstrated, the densification of calcined boehmite gel
is very much dependent on the calcination temperature of the
sample. The densification is seen to depend on the phases and
specific surface area of the precursor and is presumably
controlled by cation diffusion. On sintering to 1500 °C, there is
a marked improvement in density from 88.2% to 93.1% as the
calcination temperature is increased from 400 to 600 °C. The +y-
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Al,O5 present in samples calcined at 600 °C having quasiocta-
hedral coordination and contains cations with high mobility and
active sites which improve the densification significantly. In
general, the density of sintered product improved on increase in
calcination temperature. A maximum of 97.6% of the theoretical
density was achieved for boehmite calcined at 1200 °C where
octahedral coordination exists when sintered at 1500 °C.
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