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Low temperature synthesis of MgxAl2(1−x)Ti(1+x)O5 films
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Abstract

Aluminium titanate films thicker than 0.5�m have been synthesized by sol–gel methods. The films have been deposited via repetitive
dip-coating on silicon wafers and their thermal stability has been tested as a function of the annealing time and temperature. The sol–gel
a tate
r havior of
s o be
s of
t ffects, have
b
©

K

1

p
t
t
a
r

A

r
l

t
a

tec-

first
d

low
h

m 5

fore,
ition

lity.
addi-

0
d

pproach has allowed the formation of the aluminium titanate phase at temperatures (∼700◦C) much lower than those necessary for solid-s
eactions (∼1450◦C). Magnesium oxide has been used to improve the thermal stability of the films at high temperatures. The be
amples prepared with two different Mg content, i.e. Mg0.2Al 1.6Ti0.8O5 and Mg0.6Al 0.8Ti1.6O5, has been studied. The films have proven t
table at 1150◦C, for up to 90 h. X-ray photoelectron spectroscopy has shown that after firing at 500◦C the surface chemical composition
he films is in accordance with the nominal one, whilst at higher annealing temperatures some differences, attributed to diffusion e
een observed.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Aluminium titanate materials show several interesting
roperties,1 such as a low thermal expansion coefficient, low

hermal conductivity and a very high thermal shock resis-
ance that suggest the use of these ceramics in many different
pplications. The easy tendency to decompose following the
eaction:2

l 2TiO5 → �-Al2O3 + TiO2 (Rutile) (1)

epresents, however, a serious limitation to a widespread uti-
ization of aluminium titanate based materials.

The formation of aluminium titanate is generally obtained
hrough a solid-state reaction between crystalline rutile TiO2
nd �-Al2O3. Aluminium titanate exists in two allotropic
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forms, � and �, and the phase diagram shows an eu
toid temperature at 1280◦C. The low-temperature phase,�-
Al2TiO5, has two temperature ranges of stability, the
from room temperature up to around 750◦C, and the secon
from 1280◦C up to the inversion temperature at 1820◦C. The
high-temperature phase,�-Al2TiO5, is stable from 1820◦C
up to the melting temperature, 1860◦C. Below 1280◦C, alu-
minium titanate decomposes, into�-Al2O3 and rutile tita-
nia (Eq.(1)). The decomposition process is very slow be
900◦C, whilst in the range 900–1200◦C it accelerates wit
a maximum decomposition rate at 1100–1150◦C, a range in
which full decomposition is observed after annealing fro
to 50 h.

A great part of the recent research has been, there
devoted to the basic understanding of the decompos
mechanisms3,4 and to increase the overall thermal stabi
Interesting improvements have been obtained by the
tion of MgO or Fe2O3 during the sintering process,5,6 whilst
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Table 1
Amounts of the different components used to obtain oxides of composition MgxAl2(1−x)Ti(1+x)O5, with the selected values ofx in the first column

x EtOH (cc) HNO3 (cc) Acac (cc) MgCl2 (g) Al(O-s-Bu)3 (cc) Ti(OBu)4 (cc)

0 40 0.03 0 0 1 0.66
0.2 40 0.02 0.38 0.05 0.5 0.5
0.6 40 0.04 0.75 0.3 0.5 1.3

other oxides such as ZrO2 and SiO2 have not been shown
to increase the thermal stability. More recently, the addition
of alkali feldspar, has been proposed as another way to en-
hance the mechanical and thermal resistance of aluminium
titanate.7 All these preparations are based on a solid state re-
action of alumina and titania, with the eventual presence of
the stabilizing oxide, at temperatures higher than the eutec-
toid one (1280◦C).

Sol–gel processing represents an interesting alternative.
One advantage is the higher purity of the components that
will reduce the rate of thermal decomposition, which has
been shown to be largely related to the presence of impurities
in the precursor materials.4 Another very interesting feature
is represented by the possibility to synthesize aluminium ti-
tanate at “low temperature”.8 Direct formation of aluminium
titanate can be achieved at temperatures around 600◦C via
non-hydrolytic synthesis9,10 and around 800◦C by a synthe-
sis with alkoxides stabilized with acetylacetone.11 The for-
mation of�-Al2TiO5 at low temperatures is attributed to a
diffusion-limited crystallization process, which takes place
in conditions of high homogeneity at the molecular level
reached in the material thanks to sol–gel processing.12,13

The present authors have successfully extended the low
temperature sol–gel synthesis to the preparation of alu-
minium titanate films.14,15 The possibility to fabricate�-
Al TiO films opens, in fact, interesting perspectives in dif-
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components. They were all purchased from Aldrich, reagent
grade and used without further purification. 2,4-Pentanedione
(acac) (Aldrich), nitric acid (HNO3) (Prolabo), 1N, and ab-
solute ethanol (Carlo Erba) were used as-received.

To prepare the films of composition Al2TiO5 (undoped
aluminium titanate) Al(O-s-Bu)3 was carefully added to re-
fluxing EtOH (80◦C) and immediately after Ti(OBu)4 was
slowly added under magnetic stirring. The sol was cooled to
room temperature, and then HNO3 (1N) was added, the re-
sulting sol was stirred for 1 h and used fresh for dip-coating.
The protocol to prepare aluminium titanate containing mag-
nesia was modified as follows.

After the addition of Al(O-s-Bu)3 in EtOH and Ti(OBu)4,
acac was introduced followed by MgCl2·6H2O in EtOH.
HNO3 was finally added to catalyze the sol. The amounts
of components employed for the preparation of the sols are
listed inTable 1. The preparation protocol is shown inFig. 1.

Films were deposited from fresh sols by dip-coating in a
humidity-controlled box, with a relative humidity lower than
30%. Silicon wafers were used as substrates. A repetitive dip-
coating was used to deposit up to five layers with 1.85 cm s−1

of withdrawal rate. After each deposition the films were stabi-
lized with a firing step at 500◦C for 1 h in air. The multilayer
samples were put directly in the preheated furnace and fired
in air at temperatures between 600 and 1200◦C with a step
of 100◦C. The coating thickness was measured with a pro-

.

2 5
erent fields of technological interest. Whilst, in fact, the
rature on powder and bulk�-Al2TiO5 materials and the
tabilization at high temperature is quite extended,
ew reports have appeared on films. The fabrication of
inium titanate thick and crack-free films is, in fact, a

cult task and sol–gel processing appears to be a p
le feasible route. It should be emphasized, however,
ven using a sol–gel route, a specific synthesis, be
f the structural difference between sol–gel powders
lms, must be employed to fabricate and stabilize�-Al2TiO5
lms.

The main goal, also in the case of aluminium titanate fi
s to reach a long thermal stability to enhance the prote
ffects. In the present paper we extend our previous

o aluminium titanate films stabilized with magnesia tha
xpected to hinder the thermal decomposition.

. Experimental

Aluminium tri-sec-butoxide (Al(O-s-Bu)3), titanium
etrabutoxide (Ti(OBu)4), and dichloromagnesium hexah
rate (MgCl2·6H2O) were used as precursors for the ox
 Fig. 1. Flow chart of the MgxAl2(1−x)Ti(1+x)O5 precursor sols synthesis
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Fig. 2. XRD patterns of Mg0.2Al1.6Ti0.8O5 films annealed at different tem-
peratures.

filometer. Thicknesses of about 100–200 nm per single layer
were obtained.

X-ray diffraction analysis (XRD) was performed on the
films using a diffractometer with a glancing angle configu-
ration for thin film samples. Cu K�, operating at 40 kV and
50 mA, was used as the radiation source (one scan, 5 s acqui-
sition time, 2θ◦ angle from 15◦ to 70◦ and a fixed glancing
angleθ = 0.5◦). The average crystallite size was calculated
from the Scherrer equation after the experimental patterns
were fitted using the method described by Enzo et al.16

The surface chemical composition of the films was investi-
gated by X-ray photoelectron spectroscopy (XPS). The anal-
ysis was performed on a Perkin-Elmer� 5600-ci spectrome-
ter using monochromatized Al K� radiation (1486.6 eV). The
working pressure was <5× 10−8 Pa. The spectrometer was
calibrated by assuming the binding energy (BE) of the Au
4f7/2 line at 83.9 eV with respect to the Fermi level. The stan-
dard deviation for the BE values was 0.15 eV. Wide scans (sur-
vey) were obtained in the BE range 0–1350 eV. Detailed scans
were recorded for the Al2p, Al2s, Ti2p, Ti3p, O1s, OKLL,
C1s, Mg1s, Mg2s, Mg2p, MgKLL and Si2p regions. As an
internal reference for the peak positions, the C1s peak of
adventitious carbon was assumed at 284.8 eV.17 The atomic
compositions were evaluated using sensivity factors supplied
by� V5.4A software. The samples were introduced directly,
by a fast entry lock system, into the XPS analytical chamber.
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Fig. 3. XRD patterns of Mg0.6Al0.8Ti1.6O5 films annealed at different tem-
peratures.

observed. The diffraction patterns also show that titania crys-
tallized directly to rutile without transformation from the
anatase phase. In addition, at 1200◦C an intense diffraction
peak at 22.1◦, assigned to silica cristobalite (JCPDS 82-1409)
and grown from the silicon substrate, was observed, whilst
the Mg0.2Al1.6Ti1.2O5 phase did not decompose even after
firing at 1100 and 1200◦C.

A similar trend was observed in Mg0.6Al0.8Ti1.6O5
films after firing from 700 up to 1200◦C (Fig. 3).
Mg0.6Al0.8Ti1.6O5 showed a good stability up to 1200◦C
and titania rutile was observed from 800◦C. In these sam-
ples the magnesia aluminium titanate phase formed at even
lower temperatures, in fact, at 700◦C the diffraction peaks
assigned to Mg0.6Al0.8Ti1.6O5 are already well detected. Ti-
tania anatase (JCPDS 84-1285) was observed to form from
1100◦C, similarly to our previous observations in�-Al2TiO5
films.14 At 1200◦C silica crystobalite from the substrate was
also observed.

The formation of titania rutile and anatase observed in the
two set of samples Mg0.2Al1.6Ti1.2O5 and Mg0.6Al0.8Ti1.6O5,
does not derive from the thermal decomposition of the magne-
sia aluminium titanate phases but we assume that it is formed
directly from residual amorphous titania. The presence of ti-
tania is accompanied by an increase in the crystallite sizes
and intensity of the diffraction peaks of Mg0.2Al1.6Ti1.2O5
and Mg Al Ti O with the annealing temperature. It is
i ature
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. Results and discussion

The formation of the magnesia stabilized alumin
itanate phase (JCPDS 87-0920) in the films prep
rom the precursor sol whose theoretical composition
g0.2Al1.6Ti1.2O5, started after firing at 800◦C (Fig. 2).
igher annealing temperatures produced an increase

ensity of Mg0.2Al1.6Ti1.2O5 diffraction peaks.
The presence of rutile titania (JCPDS 87-0920) f

00◦C was also detected, however, the diffraction peak
igned to this phase did not increase in intensity with
ring temperature and, at 1200◦C, the phase was no long
0.6 0.8 1.6 5
nteresting to observe that, with respect to the low temper
ol–gel preparation of�-Al2TiO5 films,14,15the introduction
f the third component in the precursor sol during the syn
is is not disrupting the local order that allows the forma
f the aluminium titanate phases.

Fig. 4 shows the changes of the crystallite sizes (33◦) in
g0.2Al1.6Ti1.2O5 and Mg0.6Al0.8Ti1.6O5 as a function o

he thermal treatment. A constant increase in the cryst
ize is observed with the increase of the temperature in
amples.

An important property that should be tested in alumin
itanate materials is the endurance to thermal decompos
s shown by Buscaglia and Nanni3,4 the decomposition ra
as a maximum in the range 1100–1150◦C, we have therefor
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Fig. 4. Crystallite size variations of Mg0.2Al1.6Ti0.8O5 and Mg0.6Al0.8-
Ti1.6O5 as a function of the thermal treatment temperature.

Fig. 5. XRD patterns of Mg0.6Al0.8Ti1.6O5 films as a function of the anneal-
ing time at 1150◦C.

tested the behavior of the samples at 1150◦C for different
annealing times.

Fig. 5shows the diffraction patterns of Mg0.6Al0.8Ti1.6O5
films after firing at increasing times, up to 90 h. Silica cristo-
balite from the oxidation of the substrate was observed under
heating between 5 and 30 h. The Mg0.6Al0.8Ti1.6O5 phase

Fig. 6. Changes of the crystallite dimensions and area of the diffraction peak
at 33◦ in Mg0.6Al0.8Ti1.6O5 films at different annealing times.

did not completely decompose even after the longest ther-
mal treatment at 90 h. The area and crystallite sizes (33◦) of
Mg0.6Al0.8Ti1.6O5 (Fig. 6) show that after a steady increase
up to 30 h of firing, an abrupt decrease is observed in the
following 30 h.

This is an indication of Mg0.6Al0.8Ti1.6O5 decomposition
in the films. However, at longer annealing times, new diffrac-
tion peaks are observed at 26.5◦ and 33.7◦, which are at-
tributed to the formation of a pure aluminium titanate phase
(JCPDS 73-1630).

The direct observation of the surface by scanning electron
microscopy (SEM) has evidenced the presence of microc-
racks in the surface at higher temperatures of firing.Fig. 7
shows the SEM pictures of a Mg0.6Al0.8Ti1.6O5 film after
annealing at 1100◦C, the inset shows a SEM image at larger
magnification and the cracks can be clearly observed within
the white circles, for instance.

An important role in the phase decomposition is expected
to be played by the diffusion of the different species within
the material during annealing at high temperatures. As it has
been explained by different authors, the formation of alu-

Fig. 7. SEM picture of Mg0.6Al0.8Ti1.6O5 film after annealing at 1100◦C for 1 h set.
. The presence of microcracks is evidenced by white circles in the in
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Table 2
Surface chemical composition of Mg0.6Al0.8Ti1.6O5 films after firing at dif-
ferent temperatures, as measured by XPS

Firing temperature (◦C) Ti/Al (2.0) Al/Mg (1.33) Ti/Mg (2.67)

500 1.97 1.40 2.70
700 2.54 1.0 2.54

1100 1.92 0.84 1.62
1200 1.51 1.02 1.54

The nominal values are reported in brackets.

minium titanate at such low temperatures, if compared to
the eutectoid one, is due to crystallization in conditions of
limited diffusion.13 However, at higher temperatures, diffu-
sion is becoming effective, as shown by the XPS results, and
phase changes are in fact observed. The film surface chem-
ical compositions, measured by XPS as a function of fir-
ing temperature, are reported inTable 2. At 500◦C a good
accordance between the nominal and experimental values
is observed. Conversely, at higher temperatures a discrep-
ancy was found, associated to diffusion phenomena of the
different species. In particular, a magnesium-rich layer was
formed on the film surface, probably due to higher mobil-
ity of Mg with respect to Ti and Al ions. As a consequence,
variation in the surface composition was detected, which was
likely becoming important in the phase transformation in the
material.

4. Conclusions

Sol–gel processing of MgxAl2(1−x)Ti(1+x)O5 films has al-
lowed the preparation of aluminium titanate phase stabilized
with magnesia at temperatures much lower than those neces-
sary for solid state reactions. The films have shown a thermal
stability up to 90 h at 1150◦C. At longer annealing times the
formation of microcracks on the film surface reduces the ther-
m led a
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