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Abstract

Aluminium titanate films thicker than 0/&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
approach has allowed the formation of the aluminium titanate phase at temperaft@8s¢) much lower than those necessary for solid-state
reactions £1450°C). Magnesium oxide has been used to improve the thermal stability of the films at high temperatures. The behavior of
samples prepared with two different Mg content, i.e.oMAl 1 6Tig.s0s and Mg Al gTi1 605, has been studied. The films have proven to be
stable at 1150C, for up to 90 h. X-ray photoelectron spectroscopy has shown that after firing a€386 surface chemical composition of
the films is in accordance with the nominal one, whilst at higher annealing temperatures some differences, attributed to diffusion effects, have
been observed.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction forms, a and B, and the phase diagram shows an eutec-
toid temperature at 128C. The low-temperature phagi,
Aluminium titanate materials show several interesting Al,TiOs, has two temperature ranges of stability, the first
propertiest such as a low thermal expansion coefficient, low from room temperature up to around 738D, and the second
thermal conductivity and a very high thermal shock resis- from 1280°C up to the inversion temperature at 1820 The
tance that suggest the use of these ceramics in many differenhigh-temperature phase;Al,TiOs, is stable from 1820C
applications. The easy tendency to decompose following the up to the melting temperature, 1880. Below 1280°C, alu-
reaction? minium titanate decomposes, inéeAl,O3 and rutile tita-

i i . nia (Eqg.(1)). The decomposition process is very slow below
Al2TiOs — a-Al203 + TiO2 (Rutile) @ 900°C, whilst in the range 900-120C it accelerates with
represents, however, a serious limitation to a widespread uti-a maximum decomposition rate at 1100-1160a range in
lization of aluminium titanate based materials. which full decomposition is observed after annealing from 5

The formation of aluminium titanate is generally obtained to 50h.
through a solid-state reaction between crystalline rutile;TiO A great part of the recent research has been, therefore,
and a-Al,0O3. Aluminium titanate exists in two allotropic ~ devoted to the basic understanding of the decomposition
mechanism$? and to increase the overall thermal stability.
* Corresponding author. Tel.: +39 079 9720408; fax: +39 079 9720420. Interesting improvements have been obtained by the addi-
E-mail addressplinio@uniss.it (P. Innocenzi). tion of MgO or FeOs during the sintering proces$ whilst
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Table 1
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Amounts of the different components used to obtain oxides of compositigAMg-x) Ti(1+x Os, with the selected values &fin the first column

X EtOH (cc) HNG; (cc) Acac (cc) Mgdi (9) Al(O-s-Bu)s (cc) Ti(OBu) (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 ZgGand SiQ have not been shown
to increase the thermal stability. More recently, the addition

components. They were all purchased from Aldrich, reagent
grade and used without further purification. 2,4-Pentanedione

of alkali feldspar, has been proposed as another way to en-(acac) (Aldrich), nitric acid (HN@) (Prolabo), 1N, and ab-

hance the mechanical and thermal resistance of aluminium
titanate’ 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 (1280C).

Sol-gel processing represents an interesting alternative.

solute ethanol (Carlo Erba) were used as-received.

To prepare the films of composition AliOs (undoped
aluminium titanate) Al(GCs-Bu)z was carefully added to re-
fluxing EtOH (80°C) and immediately after Ti(OBy)was
slowly added under magnetic stirring. The sol was cooled to
room temperature, and then HNQ@LN) was added, the re-

One advantage is the higher purity of the components thatsulting sol was stirred for 1 h and used fresh for dip-coating.
will reduce the rate of thermal decomposition, which has The protocol to prepare aluminium titanate containing mag-
been shown to be largely related to the presence of impuritiesnesia was modified as follows.

in the precursor materiafsAnother very interesting feature
is represented by the possibility to synthesize aluminium ti-
tanate at “low temperaturéDirect formation of aluminium
titanate can be achieved at temperatures around ©Qda
non-hydrolytic synthes#s'?and around 800C by a synthe-
sis with alkoxides stabilized with acetylacetolteThe for-
mation of 3-Al,>TiO5 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 proces&rg.

After the addition of Al(Os-Bu)z in EtOH and Ti(OBu),
acac was introduced followed by Mg&$H,0O in EtOH.
HNOs3 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 shownHig. 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 1.85cth s
of withdrawal rate. After each deposition the films were stabi-

The present authors have successfully extended the lowlized with a firing step at 500C for 1 h in air. The multilayer

temperature sol-gel synthesis to the preparation of alu-
minium titanate filmg:*1> The possibility to fabricates-

Al TiOs films opens, in fact, interesting perspectives in dif-
ferent fields of technological interest. Whilst, in fact, the lit-
erature on powder and bufk-Al,TiOs materials and their
stabilization at high temperature is quite extended, very
few reports have appeared on films. The fabrication of alu-
minium titanate thick and crack-free films is, in fact, a dif-
ficult task and sol-gel processing appears to be a possi-
ble feasible route. It should be emphasized, however, that
even using a sol-gel route, a specific synthesis, becaus¢

of the structural difference between sol-gel powders and

films, must be employed to fabricate and stabipzAal , TiO5
films.

The main goal, also in the case of aluminium titanate films,
is to reach a long thermal stability to enhance the protective
effects. In the present paper we extend our previous work
to aluminium titanate films stabilized with magnesia that is
expected to hinder the thermal decomposition.

2. Experimental

Aluminium tri-secbutoxide (Al(Os-Bu)z), titanium
tetrabutoxide (Ti(OBuwy), and dichloromagnesium hexahy-
drate (MgCh-6H,0) were used as precursors for the oxide

samples were put directly in the preheated furnace and fired
in air at temperatures between 600 and 12D@vith a step
of 100°C. The coating thickness was measured with a pro-

Sol 1
Al(OBU)o/Ti(OBu)/EtOH

A
‘ 25°C stirring ‘

Sol 2

h 4

Firing
500°C

Dipping

x 5 times

Fig. 1. Flow chart of the MgAl 1) Ti(14x)Os precursor sols synthesis.
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Fig. 2. XRD patterns of Mg2Al1 6Tio gOs films annealed at differenttem-  £ig 3 xRD patterns of MgsAl o 5Ti1 605 films annealed at different tem-
peratures. peratures.

filometer. Thicknesses of about 100-200 nm per single layer ghserved. The diffraction patterns also show that titania crys-
were obtained. tallized directly to rutile without transformation from the
X-ray diffraction analysis (XRD) was performed on the anatase phase. In addition, at 12@0an intense diffraction
films using a diffractometer with a glancing angle configu- peak at 22., assigned to silica cristobalite (JCPDS 82-1409)
ration for thin film samples. Cu & operating at 40kV and  and grown from the silicon substrate, was observed, whilst
50 mA, was used as the radiation source (one scan, 5s acquithe Mg »Al1 6Ti1 205 phase did not decompose even after
sition time, 2° angle from 13 to 70° and a fixed glancing  firing at 1100 and 1200C.
angle#=0.5’). The average crystallite size was calculated A similar trend was observed in NgAlogTi1 605
from the Scherrer equation after the experimental patternsfims after firing from 700 up to 1200C (Fig. 3.
were fitted using the method described by Enzo éfal. Mgo.6Al0.5Ti1 605 showed a good stability up to 1200
The surface chemical composition of the films was investi- gnd titania rutile was observed from 8@D. In these sam-
gated by X-ray photoelectron spectroscopy (XPS). The anal- ples the magnesia aluminium titanate phase formed at even
ysis was performed on a Perkin-EImi5600-ci spectrome-  |ower temperatures, in fact, at 700 the diffraction peaks
ter using monochromatized Alkradiation (1486.6 eV). The  assigned to MgeAl o.sTi1.60s are already well detected. Ti-
working pressure was <610 8 Pa. The spectrometer was  tania anatase (JCPDS 84-1285) was observed to form from
calibrated by assuming the binding energy (BE) of the Au 1100°C, similarly to our previous observations3rAl , TiOs
4f72line at 83.9 eV with respect to the Fermi level. The stan-  films 14 At 1200°C silica crystobalite from the substrate was
dard deviation forthe BE valueswas 0.15 eV. Wide scans (sur- g|so observed.
vey) were obtained inthe BE range 0—-1350 eV. Detailed scans  The formation of titania rutile and anatase observed in the
were recorded for the Al2p, Al2s, Ti2p, Ti3p, Ols, OKLL, two setof samples MgpAl1 6Ti1 205 and My 6Al o gTi1 60s,
Cls, Mgls, Mg2s, Mg2p, MgKLL and Si2p regions. As an does not derive from the thermal decomposition of the magne-
internal reference for the peak positions, the Cls peak of sja aluminium titanate phases but we assume that it is formed
adventitious carbon was assumed at 284.8%Whe atomic  djrectly from residual amorphous titania. The presence of ti-
compositions were evaluated using sensivity factors suppliedtania is accompanied by an increase in the crystallite sizes
by & V5.4A software. The samples were introduced directly, and intensity of the diffraction peaks of MgAl1 gTi1 205
by a fast entry lock system, into the XPS analytical chamber. and Mg, ¢Al g gTi1.605 with the annealing temperature. It is
interesting to observe that, with respectto the low temperature
sol—gel preparation @-Al>TiOs films,1#15the introduction
3. Results and discussion of the third component in the precursor sol during the synthe-
sis is not disrupting the local order that allows the formation
The formation of the magnesia stabilized aluminium of the aluminium titanate phases.
titanate phase (JCPDS 87-0920) in the films prepared Fig. 4 shows the changes of the crystallite sizes’{38
from the precursor sol whose theoretical composition was Mg 2Al1 6Ti1.205 and Mg Al gTi1.605 as a function of

Mgo.2Al1 6Ti1.205, started after firing at 80TC (Fig. 2). the thermal treatment. A constant increase in the crystallite
Higher annealing temperatures produced an increase in in-size is observed with the increase of the temperature in both
tensity of Mgy 2Al 1 6Ti1 205 diffraction peaks. samples.

The presence of rutile titania (JCPDS 87-0920) from  Animportant property that should be tested in aluminium
800°C was also detected, however, the diffraction peaks as-titanate materials is the endurance to thermal decomposition.
signed to this phase did not increase in intensity with the As shown by Buscaglia and Narftiithe decomposition rate
firing temperature and, at 120Q, the phase was no longer hasamaximuminthe range 1100-118)we have therefore
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Fig. 5. XRD patterns of MgsAlo.8Ti1 605 films as a function of the anneal-

ing time at 1150C.

tested the behavior of the samples at 116dor different

annealing times.

Fig. 5shows the diffraction patterns of MgAl o gTi1 605
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Fig. 6. Changes of the crystallite dimensions and area of the diffraction peak
at 33 in Mgo.6Al0.8Ti1.605 films at different annealing times.

did not completely decompose even after the longest ther-
mal treatment at 90 h. The area and crystallite size%) (&3
Mgo.6Al0.8Ti1.605 (Fig. 6) show that after a steady increase
up to 30h of firing, an abrupt decrease is observed in the
following 30 h.

This is an indication of MggAlg.gTi1.605 decomposition
in the films. However, at longer annealing times, new diffrac-
tion peaks are observed at 26.8nd 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 firkfig. 7
shows the SEM pictures of a M@Alo.gTi1.60s5 film after
annealing at 1100C, 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

films after firing at increasing times, up to 90 h. Silica cristo- to be played by the diffusion of the different species within
balite from the oxidation of the substrate was observed underthe material during annealing at high temperatures. As it has

heating between 5 and 30h. The Mg\l o.gTi1 605 phase

been explained by different authors, the formation of alu-

10HM |

Fig. 7. SEM picture of Mg gAlg gTi1 605 film after annealing at 110CC for 1 h. The presence of microcracks is evidenced by white circles in the inset.
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Table 2
Surface chemical composition of MgAlo.sTi1.60s films after firing at dif-
ferent temperatures, as measured by XPS 1
Firing temperature°C) Ti/Al (2.0) Al/Mg (1.33) Ti/Mg (2.67)
500 1.97 1.40 2.70 2
700 2.54 1.0 2.54
1100 1.92 0.84 1.62 3
1200 151 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 diffusion3 However, at higher temperatures, diffu-

sion is becoming effective, as shown by the XPS results, and s.

phase changes are in fact observed. The film surface chem-
ical compositions, measured by XPS as a function of fir-
ing temperature, are reported Table 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 8.

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, g

variation in the surface composition was detected, which was
likely becoming important in the phase transformation in the
material.

11.

4. Conclusions

Sol-gel processing of M@\l 2(1-x) Ti(1+x)Os films has al-
lowed the preparation of aluminium titanate phase stabilized
with magnesia at temperatures much lower than those necesy3
sary for solid state reactions. The films have shown a thermal
stability up to 90 h at 1150C. At longer annealing times the

formation of microcracks on the film surface reduces the ther- 14-

mal endurance of the coatings. XPS analysis has revealed a

diffusion of Mg ions towards the film surface at larger tem- g

peratures of firing.

Acknowledgement

ASI (Agenzia Spaziale Italiana) is gratefully acknowl-
edged for financial support (Contract I/R/160/01).

. Buscaglia, V. and Nanni,

10.

12.

16.

17.

3591

References

. Thomas, H. A. J. and Stevens, R., Aluminum titanate—a literature re-

view. Part 2: Engineering properties and thermal stabiBty.Ceram.
Trans. J, 1989,88, 184-190.

. Kato, E., Daimon, K. and Takahashi, J., Decomposition temperature

of B-Al;TiOs. J. Am. Ceram. Soc1980, 63, 335-356.

. Buscaglia, V., Battilana, G., Leoni, M. and Nanni, P., Decomposition

of Al,TiOs—MgTi,Os solid solutions: a thermodinamical approach.
J. Mater. Sci. 1996,31, 5009-5016.

P., Decomposition of ;D5 and
Al2a-xMgxTi(14xOs ceramics. J. Am. Ceram. Soc.1998, 81,
2645-2653.

5. Itshitsuka, M., Sato, T., Endo, T. and Shimada, M., Synthesis and

thermal stability of aluminum titanate solid solutiods.Am. Ceram.
Soc, 1987,70, 69-71.

Tilloca, G., Thermal stabilization of aluminum titanate and proper-
ties of aluminium titanate solid solutiond. Mater. Sci. 1991, 26,
2809-2814.

7. Takahashi, M., Fukuda, M., Fukuda, M., Fukuda, H. and Yoko, T.,

Preparation, structure, and properties of thermally and mechanically
improved aluminum titanate ceramics doped with alkali feldspar.
Am. Ceram. So¢2002,85, 3025-3030.

Colomban, P. and Mazerolles, L., Nanocomposites in mullite;ZrO
and mullite-TiQ systems synthesised through alloxide hydrolysis
gel routes: microstructure and fractograpflyMater. Sci. 1991, 26,
3503-3510.

Andrianainarivelo, M., Corriu, R. J. P., Leclercq, D., Mutin, P. H. and
Vioux, A., Nonhydrolytic sol-gel process: aluminium and zirconium
titanate gelsJ. Sol-Gel Sci. Technol1997,8, 89-93.
Andrianainarivelo, M., Corriu, R. J. P., Leclercq, D., Mutin, P. H. and
Vioux, A., Nonhydrolytic sol-gel process: aluminum titanate gels.
Chem. Mater. 1997,9, 1098-1102.

Bonhomme-Coury, L., Lequez, N., Mussotte, S. and Boch, P., Prepara-
tion of Al,TiOs—ZrO, mixed powders via sol-gel procesk.Sol-Gel

Sci. Techno).1994,2, 371-375.

Lange, F. F., Balmer, M. L. and Levi, C. G., Diffusion limited crys-
tallization and phase partitioning in Zg@netal oxide binary systems.

J. Sol-Gel Sci. Techngl1994,2, 317-321.

. Barboux, P., Griesmar, P., Ribot, F. and Mazerolles, L., Homogeneity

related problems in solution derived powdeds.Solid State Chem.
1995,117, 343-350.

Innocenzi, P., Martucci, A., Armelao, L., Di Vona, L., Licoccia, S.
and Traversa, E., Sol-gel synthesis®fl,TiOs thin films at low
temperatureChem. Mater. 2000,12, 517-524.

Licoccia, S., Divona, L., Traversa, E., Innocenzi, P. and Martucci,
A., Low temperature sol-gel preparation RfAl,TiOs thin films:
spectroscopic analysis of the precursals.Sol-Gel Sci. Technol.
2000, 19, 577-580.

Enzo, S., Polizzi, S. and Benedetti, A., Applications of fitting tech-
niques to the Warren—Averbach method for X-ray line broadening
analysis.Z. Kristallogr, 1985,170, 275-287.

Seah, M. P.Practical Surface Analysjs/ol 1, ed. D. Briggs and M.

P. Seah. 2nd ed. John Wiley, Chichester, 1990.



	Low temperature synthesis of MgxAl2(1-x)Ti(1+x)O5 films by sol-gel processing
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgement
	References


