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Abstract—Interactions in the Al,TiO5-Ti,O; system were studied and the regions of existence of
Al, ,, Ti3¥Ti**Og solid solutions with a pseudobrookite structure were determined.

A distinguishing feature of ceramics based on au-
minum titanate is their refractoriness and low overall
coefficient of linear thermal expansion [1]. Owing to
this property, it is expedient to use aluminum titanate,
in processes that occur in nonstandard operation
modes, as a materia resistant to thermal shocks. Alu-
minum titanate is used as a heat insulator in propul-
sion engineering, material for crucibles in ferrous
and nonferrous metallurgy, and support for catalysts
[2, 3].

Aluminum titanate Al,TiO; belongs to an iso-
morphous series of binary oxides A,BOg; with
a pseudobrookite structure (also including Fe,TiOs,
Ti3Og, and Ti,MgOg), in which A and B atoms may
be isovaently substituted by various cations, with
continuous series of solid solutions formed [4, 5].
Aluminum titanate has an orthorhombic lattice with
a Cmem space group, with the following lattice con-
stants: a = 0.3591, b = 0.9429, and ¢ = 0.9636 nm [4].
A characteristic feature of the representatives of the
isomorphous A,BOg series is the anomalously high
anisotropy of thermal expansion, caused by distortion
of [MQg] octahedra and different lengths of M-O
bonds [6, 7].

Titanium pentoxide Ti;Og has two, high- and low-
temperature, modifications [8]. Crystals of anosovite
(high-temperature modification of Ti,Os) [9, 10] be-
long to the rhombic crystal system, are character-
ized by the Cmcm space group, and have the follow-
ing lattice constants: a = 0.3747, b = 0.9465, and ¢ =
0.9715 nm. The crystal structure of the low-tempera-
ture modification of Ti;Og belong to the monoclinic
system, is characterized by the C2/m space group,
and has the following lattice constants. a = 0.3808,
b = 09442, ¢ = 09752 nm, and B = 91.55°.

The high- and low-temperature modifications of
Ti;05 are rather easily transformed one into the other
at a temperature of about 120°C. At slightly higher
temperatures [8], the structure Ti;Og is similar to that
of orthorhombic anosovite, but is slightly distorted
(monoclinic), with lattice constants a = 0.378, b =
0.997, ¢ = 0.982 nm, and = 91.0°. At higher tem-
peratures, the monoclinic angle gradually approaches
90°, and the lattice constants, those of anosovite.
The crystal structure of the high-temperature mod-
ification can also remain stable at low (room) tem-
peratures in the presence of a certain amount (severa
weight percent) of iron, magnesium, or auminum. In
the absence of admixtures, titanium pentoxide has at
room temperature the structure of its low-temperature
modification. According to the refined data [11], the
lattice constants of the low-temperature modification
of TizOg are a = 0.3801, b = 0.9441, ¢ = 0.9748 nm,
and B = 91.53°.

The sinterability of aluminum titanate ceramics is
commonly improved, and its thermal stability, raised,
by introducing mineralizers into the stock [12-14].
The stability of the structure of the high-tempera
ture modification of Ti;Og a room temperature in
the presence of a minor amount of Al,O; admix-
ture was confirmed in [13]: solutions of composition
[(Ti;_ Al ),05TiO,] with 0 < x < 0.4 have the struc-
ture of low-temperature Ti;Os, and compounds with
X > 0.08 are structuraly similar to high-temperature
Tiz0s. A trangition from the monoclinic crystal sys-
tem, to which the crystal structure of compounds with
0 < x < 0.2 belongs, to the rhombic crystal system
characteristic of compounds with 0.3 < x < 1 was
found [13].

To perform a directed synthesis of ceramic mate-
rials, it is necessary to study in detail the structural
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Fig. 1. X-ray diffraction patterns of the starting powders
of (a) Al,TiOg and (b) Ti,O3. (1) Al,TiOg and (2) Ti,O3.
(1) Intensity and (26) Bragg angle; the same for Fig. 3

parameters of the forming samples and their correla-
tion with the properties of the samples. A study of
real structure of substances with al its defects makes
it possible to search for new compounds with valuable
properties and to improve processes of their synthesis
by using various methods of control over their compo-
stion and the distortion of their structure. In this study,
we examined the phase formation in the Al,TiOs—
Ti,O3 system and the physcochemlcal propertles of
ceramic materials based on Al,_,, Ti3f Ti** Oy solid
solutions with a pseudobrookite structure.

EXPERIMENTAL

To prepare the starting mixtures, we used Al,O5 of
pure grade, TiO, of special-purity grade, and BAU-A
activated carbon. Aluminum titanate was synthesized
at 1400°C in the course of 9 h from an equimolar
mixture of aluminum and titanium(IV) oxides (Fig. 1,
diffraction pattern a). Ti,O5 was prepared by reduci ng
T|O2 with carbon in a vacuum (residual pressure 10—
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3 h [15]. The correspondence of the materia syn-
thesized to the stoichiometric formula Ti,O5; was mon-
itored by the weight gain in the oxidation of the ma-
teria to titanium dioxide by anneding in air at 1000°C
for 2 h in accordance with the reaction
Ti,034+x + %on = 2TiO,. (@)
The discrepancy reveaded between the composition
of the material synthesized and the stoichiometric
formula is rather small (x = 0.011). The presence of
an excess oxygen is a consequence of the insufficient
amount of carbon in the reduction reaction; an exact
calculation of the stock composition is complicated by
the fact that the humidity of activated carbon, which is
used as a source of carbon, varies from 8 to 10 wt %.
The X-ray data (Fig. 1, diffraction pattern b) also
confirm that the substance obtained is titanium(lil)
oxide.

To determine the ranges of existence of Al,_,, Ti3
Ti*0, solid solutions, we prepared Al,TiOg + XTi,Os
mixtures (X is the number of Ti,O; moles, varied from
zero to unity with a step of 0.1). Billets 20 mm in
diameter and 5 mm high for high-temperature treat-
ment were prepared by semidry compaction under
a pressure of 150 MPa. The samples were thermally
treated under atmospheric pressure in argon at 1400°C
for 4 h.

The phase composition of the samples subjected to
thermal treatment was studied by X-ray phase analysis
on a DRON-3M installation (CuK radiation), using
the JCPDS-ICDD database of powdered standards.
We used the Powder Cell software [16] to evauate
the content of crystalline phases in the thermal treat-
ment products (with an accuracy of +5 vol %) and
analyze the line intensities by the Rietveld method.
The software makes it possible to construct and pre-
dict structural models of a solid solution based on
aluminum titanate. The position parameters of the alu-
minum titanate lattice are listed in Table 1. The con-

10t Pa) at 1600°C with an isothermal exposure for  struction is based on substitution of a part of AI** ions
Table 1. Position parameters of the crystal structure of aluminum titanate (Cmcm space group) [17]
Atom lon Position X y z Occupancy
Ti Tis* 4c 0.0000 0.1863 0.2500 0.3330
Al3* 0.6670
Al Al3* 8f 0.0000 0.8649 0.4387 0.6670
Ti% 0.3330
O 0% 4c 0.0000 0.7590 0.2500 1.0000
o 0> 8f 0.0000 0.9520 0.8820 1.0000
o 0> 8f 0.0000 0.6830 0.9250 1.0000
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Table 2. Lattice constants (nm) of Al,_,, Ti3! Ti*" Oy solid solutions and Ti,Og content in the starting mixture and
annealing products (composition of the starting mixture Al,TiOg—XTi,O3)

Phase composition of products, vol % Ti,Oz, mol %
X a b c
Al, 5 Ti3FTi**Og | a-Al,05 | Magneli phases initial products

0 ~100 <5 - 0.359 0.946 0.967 - 4.0
0.1 90 10 - 0.360 0.947 0.968 9.09 10.6
0.2 90 10 - 0.360 0.947 0.968 16.7 18.8
0.3 90 <5 <5 0.361 0.947 0.969 231 25.0
0.4 85 <5 10 0.361 0.948 0.969 28.5 32.8
0.6 80 <5 15 0.361 0.948 0.969 374 41.0
0.8 75 <5 20 0.361 0.948 0.970 445 49.0
1.0 75 <5 20 0.361 0.948 0.970 50.0 51.0

in 4c and 8f positions in the Al,TiOg structure [17]
with Ti®". The occupancy of the specified positions
by AI®* was varied in the range 0.6670—0.4670, that
by Ti%", in the range 0-0.2000. The experimental
and theoretical X-ray patterns were compared within
the entire pattern profile, and the convergence factor
was output as the result of the calculation. The variant
with a lower R-factor represents the model configura-
tion. The software also makes it possible to compare
a description of the structure of a solid solution with
experimental data and to carry out a quantitative phase
analysis. The lattice constants of the solid solutions
based on aluminum titanate (orthorhombic crystal sys-
tem) were determined using the least-squares method
for 12 highest-intensity pesks in the 26 range from
10° to 80°.

The open porosity P and water absorption W of
the samples were determined in conformity with
GOST (State Standard) 18847-84 by hydrostatic
weighing. The acid resistance A of the samples syn-
thesized was evaluated, according to GOST 473.1-81,
by the change in the mass of the ceramic materia
after its treatment with concentrated sulfuric acid.

The content of Ti,O5 in the calcination products
was determined by the method of complete oxidation
from the weight gain of samples exposed in air at
1000°C for 2 h. The atomic composition of the crys-
talline phases of the ceramics was found by electron
microprobe analysis using a JSM-6400 electron scan-
ning microscope equipped with a Link X-ray energy-
dispersion spectrometer with 1SIS-300 software.
The volume of the substance analyzed was 1 pm?®,
The constituent phases of the samples were analyzed
for the content of Al, Ti, and O. To reliably determine
the amounts of elements in a phase, we made up to

10 measurements on the sample surface. We used as
standards certified Microspec reference samples.
The measurement error was +1%.

Our studies revealed that the phase composition of
the samples and the lattice constants of the pseudo-
brookite phase change, depending on the parameter x
of the starting Ti,O,, upon calcination of the Al,TiOg—
XTi,O5 mixture. The weight loss upon heat treatment
of compacts did not exceed 0.5% for the entire range
of compositions, 0 < x < 1. According to the results
of an X-ray analysis (Table 2), up to 5 vol % a-Al,O4
is contained in the heat-treatment products at x = 0.
All the reflections of the aluminum titanate phase in
the X-ray diffraction pattern are shifted to smaller 26
angles owing to the formation of the Al,_,, Ti5: Ti**Og
solid solution via dissociation of aluminum titanate in
the atmosphere of argon:

AlLTIOg = (U1 + 2)Al,_, Ti3Ti*Og
+ (341 + 20AlL,0; + (X1 + 2x)0. )

Andysis for the content of Ti,O5 confirms the pres-
ence of 1.6 mol % Ti®" in the heat-treatment products.
The lattice constants of the Al,_,, Tis: Ti** Oy solid
solution, a = 0.359, b = 0.946, and ¢ = 0.967 nm,
exceed those of stoichiometric Al,TiOg [17]. An ex-
amination of the profile of the X-ray diffraction pat-
tern demonstrated that the intensity of peaks changes
when the occupancy by AI®* of the positions 4c
and 8f decreases through partial substitution by Ti%*.
The best result in describing the experimental X-ray
pattern was achieved in the case when 5% of AlI** po-
sitions in the Al,TiOg5 structure were substituted
with Ti%*,
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Fig. 2. Electron micrographs of the thermal treatment prod-

ucts (a) Al,TiOg synthesized in air and (b) that calcined
in argon. (1) Al,TiOs and (2) Alp_ i3 Ti**Og,
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Fig. 3. X-ray diffraction patterns of thermal-treatment
products: (a) Al,TiOg+0.1TiyOg3, (b) Al,TiOg +1.0TiyOs.
(1) Aly 5, TiZF Ti**0g, (2) Al,O5, and (3) Magneli phases.

According to electron-microscopic data, aluminum
titanate synthesized in air is composed of regularly
shaped particles less than 10 um in size, with the fol-
lowing atomic composition (mol %): Al 25.0, Ti 12.0,

LEKANOVA et al.

and O 63.0, which corresponds to that of stoichi-
ometric Al,TiOg (Fig. 2a). Areas with an increased
content of titanium (13.0 mol %) are formed on
the surface of auminum titanate particles after
annealing of the samples in argon (Fig. 2b). The av-
eraged data of the electron microprobe analysis of
the compound correspond to the chemical formula
Al gTid Ti* Og.

An Al,_,, Ti3¥ Ti* O solid solution and a-Al,O,
(20 vol %) are formed in the thermal treatment prod-
ucts at x = 0.1 (Fig. 3, X-ray diffraction pattern a).
The reaction of Al,TiOg with Ti,O; can be repres-
ented by the following equation:

AlLTiOg + XTi,05 = Al, L, Ti3I Ti*Og + xAl,05. (3)

Triple-charged titanium atoms isovalently sub-
stitute aluminum atoms in the Al,TiOg crystal lattice
to form the individual phase a-Al,O5. In this concen-
tration range (x = 0.1), auminum titanate partial-
ly dissociates in accordance with Eq. (1), because
the Ti®" content in calcination products (4.2 mol %)
exceeds its amount in the starting stock (3.6 mol %).
According to the averaged data of the electron micro-
probe analysis, the compound synthesized contains
(mol %): Al 21.0, Ti 16.0, and O 63.0, which cor-
responds to the chemical formula Al TiS5Ti**O..

An increase in the Ti,O5 content to x = 0.2 is ac-
companied by formation of a-Al,O3 (up to 10 vol %)
in the thermal-treatment products. As Ti®" ions sub-
stitute AI** ions in aluminum titanate the lattice con-
stants of Al,_,, Tisy Ti*" O increase further (Table 2).
This is due to the larger ionic radius of titanium(l11)
in octahedral coordination as compared with alu-
minum [18]: R(Ti*") = 0.67 A, R(AI**) = 053 A.
In modeling of the structure of the solid solution
Al,_,, Ti3rTi**Og in the sample under consideration,
the best result corresponds to the occupancies by AI%*
and Ti®" of 0.557 and 0.110, respectively, in Ti®*
substitution for AI®* in the aluminum titanate struc-
ture [17]. For the composition x = 1.3, the content
of a-Al,O5 in the final products virtually does not
increase. Thus, under the chosen thermal treatment
conditions (1400°C), Ti®" occupies no more than
20% of AI** positions in the Al,TiOg structure, and
the region of isovalent substitution is limited to
the Al TidTi*Og composition.

In the concentration range 0.3 < x < 1, Magneli
phases Ti,O,,_; (4 < n < 9) appear in the ther-
mal-treatment products in addition to the phases of
the Al,_,Ti3 Ti*"O; solid solution and a-Al,O,
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(Fig. 3, diffraction pattern b). Aluminum titanate re-
acts with Ti,O4 to form Ti,O,,,_; in accordance with
the equation

(n - 2)Al,TiOs + Ti,05 = TiOpy_1 + (N = 2)Al,05. (4)
The sum of reactions (3) and (4) has the form

(n — DAL TIO; + (x + 1)Ti,0f
= Aly o TiSTi**Og + TipOyn_1 + (N = 2 + X)AIL0;. (5)

The results of an electron microprobe analysis of
the products of calcination of the starting Al,TiOs—
1.0Ti,O5 sample confirm the presence of the Magneli
phase (Ti 34.5 mol % and O 65.5 mol %) and that of
the Al; :Tis5:Ti*"O; solid solution. In the concen-
tration range 0.2 < x < 1, the lattice constants of
the resulting Al,_,, Tis Ti* O; solid solutions are
close within the experimental error and independent of
the Ti,O5 content in the starting stock (Table 2).

The dependences of the physical characteristics
of samples on the content of titanium(l11) oxide in
AL, TiOg + XTi,O4 starting mixtures, obtained in this
study, show that the water absorption by the material
decreases from 17.9 to 4.6%, and the open porosity,
from 39.0 to 17.7%, as the Ti,O5 content in the stock
increases, which points to activation of sintering pro-
cesses (Fig. 4). The strongest effect of the compac-
tion of aluminum titanate ceramics is achieved when
23 mol % Ti,Og is introduced, and further increase in
the content of Ti,O; does not improve the physical
characteristics. The resistance of the samples syn-
thesized (Fig. 4) to concentrated H,SO, increases as
the content of the Al,_,, Ti5r Ti** O solid solution
enriched with titanium, relative to that of aluminum
titanate, in a sample increases. Such a dependence of
the acid-resistance on the sample composition can be
attributed to a lower mobility of titanium atoms, com-
pared with aluminum atoms, resulting from the differ-
ence in their radii [R(Ti*") > R(AI*")]. The improve-
ment of the physical characteristics and the chemical
resistance of a ceramic material by introducing Ti,Og
enables extension of the application area of materials
based on Al,TiOs.

CONCLUSIONS

It was found that, under the chosen conditions of
thermal treatment (1400°C), Ti" occupies no more
than 20% of AI®* positions in the Al,TiOg structure
and the range of isovalent substitution is limited
to the Al ¢TighTi**O; composition.
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Fig. 4. Water absorption W, open porosity P, and acid-
resistance A of the material obtained from the Al,TiOg +
XTi,O5 starting mixture vs. the parameter X.

The strongest effect of compaction of ceramics
based on aluminum titanate is achieved by introducing
up to 23 mol % Ti,O,, and further increase in the con-
tent of Ti,O5 does not result in any noticeable im-
provement of physical characteristics. The resistance
of a ceramic material based on aluminum titanate to
concentrated sulfuric acid increases with the content
of titanium(ll1) in the samples studied.
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