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Abstract

Aluminum titanate has been widely used in low expansion applications and
its thermal stability has been a hot topic. The stability of aluminium titanate
research for improving product quality, and expanding its application field is
of great significance. Aluminum titanate as glass melt erosion resistance and
high temperature resistant, can be applied to high temperature pigment base.
The medium temperature stability of aluminum titanate can be improved by
ion doping, and magnesium stability of aluminum titanate has been widely stu-
died. Therefore aluminjum titanate is expected to become an ideal high tem-
perature ceramic base material. In this paper, the preparation technology of
magnesium-stabilized aluminum titanate powder was reviewed, and the prepa-
ration of magnesium-stabilized aluminum titanate powder by non-hydrolyzed
sol-gel was mainly introduced.
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1. Introduction

Aluminum titanate (AL TiO,, abbreviated as A7) is characterized by high melt-
ing point (1860°C + 10°C) and low expansion (a < 1.5 x 107%/°C). It is a ceramic
material with the best high-temperature resistance among low expansion mate-
rials (quartz glass, spodumene, cordierite and aluminum titanate). It has the

characteristics of low thermal conductivity (1.5 W/m-K), good thermal shock re-
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sistance, strong corrosion resistance and non-infiltration of metal and glass melt
[1] [2]. Its melting point is higher than other low expansion materials, and it has
a unique application in high-temperature area, so it is more and more noticed by
material workers. The stable aluminum titanate can be obtained by ion doping,
and the ion doping of solid solution color itself can effectively inhibit the de-
composition of aluminum titanate. Therefore, aluminum titanate is expected to
be an ideal new high temperature ceramic color base material. However, the
crystal structure of aluminum titanate is shown in Figure 1. It can be seen that
the coordination octahedrons [AlO;] and [TiO4] formed by Al**, Ti* and O
form the structural units of aluminum titanate crystal. These octahedrons are
randomly distributed and cross connected with each other in the way of com-
mon arris or common top to form the spatial network structure of aluminum ti-
tanate. However, this spatial network structure also makes the bonding in alu-
minum titanate layer unstable, while the interlayer bonding is relatively stable
[3]. In the aluminum titanate crystal structure, the radius of AI’* (0.05 nm) is
quite different from that of Ti* (0.068 nm), while the radius of O* is 0.14 nm,
so the ratio of Mo / o s only 0.357 < 0.414, and the ratio of M [T ds
0.486 > 0.414. According to Paulin’s rule, the distortion of [AlO] is larger than
that of [TiO,]. At high temperature, the binding force of aluminum ion is weak,
and it is easier to break away from the binding force of oxygen ion, so that the
crystal structure of aluminum titanate is destroyed, leading to its decomposition
[4] [5] [6]. Aluminum titanate is easy to decompose in the temperature range of
750°C - 1280°C. The thermal expansion rate of a-Al,O; and TiO, is higher than
that of aluminum titanate, which results in the stress concentration in the ma-
terial and the increase of the thermal expansion rate so that the thermal perfor-
mance of the final sintered body becomes weak and the strength decreases,
which limits its wide application [7].

In order to inhibit the thermal decomposition of aluminum titanate, stabiliser

additive is the most effective method [8]. Studies have shown that although
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Figure 1. Crystal structure of aluminum titanate.
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Fe,0, can effectively inhibit the thermal decomposition of aluminum titanate, it
will reduce its strength [9]. Aluminum titanate (AL, TiO;) belongs to the orbicu-
lar system and has the same structure as magnesium titanate (MgTi,0;), which
can form Al,, ,Mg Ti,, O solid solution. MgO is the most commonly used ad-
ditive in the preparation of aluminum titanate [10]. An appropriate amount of
MgO can not only partially or completely control the thermal decomposition of
aluminum titanate, but also improve the mechanical properties of aluminum ti-
tanate, which has little impact on other excellent thermal properties. Therefore,
stable aluminum titanate has become one of the hot spots in the research of
aluminum titanate materials. At present, the main methods for preparing mag-
nesium stabilized aluminum titanate include solid-phase method [11] [12] [13]
[14] [15], co-precipitation method [16], hydrolyzed sol-gel method [17] [18] and
nonhydrolytic sol-gel method [19] [20]. In this paper, the preparation methods

of magnesium stabilized aluminum titanate are reviewed.

2. Materials and Methods
2.1. Solid-Phase Method

At present, the main method to prepare aluminum titanate ceramic powder is a
solid-phase method. Aluminum titanate (AL, TiO;) should be prepared by the
solid-phase method, which mainly uses the mixture of alumina and titanium
dioxide powder and makes it solid by high-temperature calcination. The advan-
tages of this method are simple equipment, convenient operation, mature
process, low cost of raw materials and suitable for mass production. However, its
shortcomings are also obvious, such as high synthesis temperature, low purity,
coarse particle, uniformity and particle size are difficult to be effectively con-
trolled, resulting in poor performance and instability of the material. Moreover,
aluminum titanate ceramic powders prepared by a solid-phase method often
need to be crushed, ball grinding and other post-treatment to improve the mor-
phology and properties of the particles, and the post-treatment process is com-
plex.

The current study of aluminum titanate ceramic pigment has just started, the
Italian ceramic institute professor Michele [11], such as using high temperature
solid phase method at 1400°C was prepared by M (M = Cr (green)), Mn
(brown), Co (pink) mixed with AL, TiO; solid solution type ceramic pigment, the
study found that Cr doped Al TiO; (green) and Mn doping Al,TiO; (brown)
pigment used in the glaze is still present a good shading effect, and Cr doped al-
so effectively restrain the decomposition temperature of aluminium titanate.
However, there are problems such as low doping concentration of color ions and
Co ions dissolving out in the glaze, so the coloring effect is not ideal. The reason
for this result is that the high temperature solid phase method is adopted in this
study, which is limited by the uniformity of raw material mixing and solid reac-
tion products, so it is often difficult to obtain high doping concentration and un-

iformity of color materials.
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Fang Qing [12] synthesized Al,, ,Mg Ti,, O;(AMT) (x = 0, 0.01, 0.05, 0.1,
0.3) solid solution powder using a-Al,O,, TiO, and MgO as raw materials and
MgO-2TiO, as stabilizer by solid-phase method. The raw materials of a-AlO;,
TiO,, MgO and the mixture were put into the plastic tank; the mixture was
mixed for 12 hours, dried, and pressed into shape under the pressure of 10MPa.
The sample material was synthesised in solid phase in a silicon-molybdenum
furnace and held at 1450°C for 2 h. The powder sample was obtained after
grinding after natural cooling in the furnace. The d values of (200), (060) and
(006) of the diffraction pattern A7 of sample No.1 - No.5 powder and standard
sample a-Al,O, uniformly mixed were taken, and the accurate values were ob-
tained after checking with the standard sample and given in Table 1. Since alu-
minum titanate belongs to the rhombic crystal system and all the crystal planes
taken are special ones, the three lattice constants a,  and c¢ of the synthesized

Al,,_,Mg Ti,, Os solid solution can be simply calculated by the following three

formulas.
a= hd(h00)
b= kd(040)
c=1d(00))

In the formula, A, k and /are the corresponding values in the crystal surface
index. Any crystal surface can be expressed as (A, k and /), where 2, 6 and 6 are
respectively.

It is found that with the increase of xvalue in Al,, ,Mg Ti,, O; solid solution,
the lattice constant of solid solution increases, and the lattice constants a, band ¢
almost linearly increase, especially the linearity of ¢ value is more significant. It
is because the radius of Mg** (65 pm) is larger than that of Al** (51 pm) and
closer to the radius of Ti*" (68 pm). When A7and M2T form Al,, Mg Ti,, O
solid solution, Mg enters into the lattice of ATto replace part of Al** so that the
lattice constant of AMT increases. With the increase of MgO-2TiO, addition, the
more Mg®* enters, the more Al’* is replaced, resulting in the linear increase of
the lattice constant of AMT. The gradual increase of lattice constant further con-
firmed that A7 and M2T formed Al,,_,Mg Ti,, ,O; solid solution, and alumi-
num titanate completely decomposed into a-Al,O, and TiO, (rutile) without the
addition of MgO-2TiO,. When MgO-2TiO, with a mole fraction of 1% (x= 0.01)
was added, the diffraction peak of solid solution AMT was relatively strong.
When MgO-2TiO, with a mole fraction of 5% or 10% is added, it is basically the
diffraction peak of the solid solution, indicating that MgO-2TiO, can effectively

Table 1. dvalues of AMT.

Sample No.1 No.2 No.3 No.4 No.5

d(200) 1.79405 1.79500 1.80003 1.80146 1.81329

d(060) 1.57385 1.57398 1.57000 1.58189 1.59086

d(006) 1.60560 1.60612 1.60817 1.61076 1.62419
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inhibit the decomposition of aluminum titanate, resulting in good thermal sta-
bility of Al,,_,Mg,Ti,, O; solid solution.

Aluminum titanate is composed of [AlO¢] and [TiO4] octahedron. Because the
radius of AI’* is smaller than that of Ti*', [AlOq] is a distorted octahedron. From
the perspective of a chemical bond, when aluminum titanate is heated, the vibra-
tion of all atoms intensifies, but AI’* is in a deformed octahedron, and the vibra-
tion intensifies with the rise of temperature. When the temperature rises to a
certain value, the aluminum oxygen bond will break, making aluminum titanate
decompose. So the more distorted [AlOq] is, the more easily aluminum titanate
will decompose. The radius of Mg®" is larger than AI*, which is closer to Ti*".
The replacement of AI’* to form Al,,_,Mg,Ti,, O; solid solution alleviates the
distortion degree of [AlO¢]. Therefore, the thermal stability of Al,, ,Mg Ti,, O
is higher than that of pure aluminum titanate, which is not easy to decompose.
With the increase of x value, the more Mg** replaces Al’*, the weaker the overall
distortion degree in the crystal is, so the thermal stability of Al,, ,Mg Ti,, O is
higher.

Zhang LM, et al. [13] used a-Al,O;, TiO, and MgO to form Al,, ,MgTi,, O
by solid reaction method at 1450°C for 2 h. The lattice constants a, »and cof the
solid solution Al,, ,Mg Ti,, O; all increase linearly with the increase of x value.
The thermal stability of Al,, ,Mg Ti,, O; was higher than that of pure alumi-
num titanate. The thermal stability of Alz(1 oMg.Ti,, O, increases with the in-
O;

X

crease of x value. When x = 0.05, the decomposition rate of Al,, ;Mg Ti,,
was only 9% at 1100°C for 10h, while the pure aluminum titanate was almost
completely decomposed. With the increase of the content of M2T, the relative
density of the sintered body increases, indicating that the presence of M2T is
conducive to the sintering of aluminum titanate. The solid-phase method has the
advantages of low cost, simple preparation process and no special equipment.
However, it is difficult to produce high purity, ultra-fine and uniform aluminum
titanate powder.

Buscaglia V. et al [8] studied the effect of adding 2 wt% MgO on reaction sin-
tering of AL, TiO,. Solid reaction between A1,0,; and TiO, powders with different
particle sizes was studied to generate A1,TiO;. Aluminum titanate powder was
prepared by solid-phase method from raw materials of alumina and rutile. The
equal molar aluminum oxide and rutile powder were mixed, and the aluminum
oxide ball and polyethylene bottle were used for wet grinding for 100 h in water.
After drying and sieving, the obtained powder was isostatic pressed on a 150
MPa cylinder with diameter = 10 mm and length = 100 mm. The material con-
taining magnesium oxide was pretreated in the same manner with 2 wt% mag-
nesium oxide (Aldrich, 99%). For simplicity, when prepared with A1,0; and
TiO,, the sample will be displayed as K, while the corresponding sample pre-
pared with magnesium oxide will be displayed as KM. The results showed that
the overall reaction kinetics and microstructure of the alloy varied with the in-
crease of temperature, and the formation of pure AL, TiO; was firstly nucleation

and rapid growth, and then the slow transformation of unreacted oxide under
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the control of solid diffusion. The addition of MgO makes nucleation of the new
phase easy. MgAl,O, is first generated, and then the titanate solid solution par-
ticles rich in Mg are grown. Therefore, the final microstructure is mainly con-
trolled by the density and size of spinel nucleus, followed by the growth process
of titanate grain, leading to a strong decrease in titanate grain size and a signifi-
cant increase in final density.

Synthesis [14] Al,Mg,Ti, (O; low-expansion ceramics with the same struc-
ture as aluminum titanate Al,TiO; were prepared by solid reaction with a-Al,O;,
MgO and TiO, rutile. The three materials were mixed according to certain stoi-
chiometry. The mixture was ground wet in water for 24 hours, and aluminum
oxide ball was added in a polyethene bottle. Three different powders were ob-
tained by different heat treatments: 1) the prepared mixture (M6); 2) Burn at
1100°C for 2 h (M611) and 3) for 2 h (M613) at 1300°C. M6 series corresponds
to completely unreacted powder, M611 to partially reacted powder, and M613 to
fully converted powder. M611 and M613 powder were burned at high tempera-
ture, then wet ground in water for 24 hours, dried and screened, and green bo-
dies (cylinders with a diameter of +1 cm and length of +10 cm) were prepared
under 150 MPa cold isostatic pressure. Al TiO;-MgTi,O, solid solution was
formed from M6 loose powder within 0.5 - 7 h under the conditions of 1000°C,
1100°C, 1200°C and 1300°C. The sample was placed in the furnace and reached
the reaction temperature within 2 - 3 min. After the reaction, the sample was
taken out of the furnace for air quenching. The results showed that Al ;Mg Ti, ;O
composite material did not decompose after being annealed for 250 hours in the
temperature range of 900°C - 1175°C. Sintered ceramics at 1350°C had a 97%
relative density, a grain size of 5 m and an average coefficient of thermal expan-
sion of 2 x 107 K" at 80°C - 1000°C. The measured coefficient of thermal ex-
pansion was comparable to that of other oxide ceramics (e.g. standard alumi-
num titanate (=1 x 10 K™'), porous cordierite (=1 x 10 K™') and lithium alu-
minosilicate (=2 x 10° K™). The materials obtained by direct reaction sintering
with the same composition had higher thermal expansion coefficient (=4 x 107
K™") and showed the presence of secondary phase (TiO,, Al,O; and MgAl,0,).

2.2. Microwave Sintering

This is a new solid-phase preparation technology in recent years. Compared
with the traditional solid-phase method, microwave sintering method innova-
tively uses gamma y-Al,O,, which greatly improves the activity of alumina. Sha-
hab [15] Al,, ,Mg,Ti,, O; ceramics prepared from y-Al,O;, TiO, and MgO (0,
2, 5, 7 wt%). The p-AlLO,, TiO, and MgO nanometer powder were mixed pro-
portionally to form the stoichiometric solid solution Al,, ,Mg.Ti,, O;. Using
alumina ball and methanol as grinding medium, the powder was ground in the
plastic bottle for 2 hours to evenly mix the powder. The obtained slurry was first
dried on a magnetic heater agitator and then dried in an oven at 120°C for 24
hours. Then sieve the dry powder to 45 mesh. A 2 wt% polyvinyl alcohol solu-
tion was granulated in a container for 24 hours before passing through a 45
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mesh sieve. The rectangular sample is 20 x 6 X 5 mm’ in a pressure of 50 MPa.
At 180 MPa, the pressed sample is compacted again by cold isostatic pressure to
eliminate any defects related to molding. The experimental parameters are
shown in Table 2. A microwave oven (2.45 ghz, 900 W) was used for sintering in
the temperature range of 1250°C - 1400°C. SiC crucible was used as the contain-
er, and the temperature rose to the maximum in a short time (the average heat-
ing rate was 52°C/min). Phase transitions are performed during sintering at dif-
ferent temperatures (1250°C, 1350°C, and 1400°C). The study found that when x
= 0.5, the maximum strength of the sample was about 60 MPa. After annealing
for 100 hours, the sample containing MgO still showed high thermal stability at
1100°C and formed fine crystal structure at a low temperature of 1280°C. In
addition, the addition of MgO reduced the formation temperature of ilmenite
and had a strong effect on its microstructure. Because of the advantages of us-
ing microwave radiation, ilmenite is formed at 1250°C without heat preserva-
tion. However, the formation temperature of aluminum titanate using conven-
tional heating has exceeded 1300°C. Microwave heating reduces the formation
temperature of ilmenite, but the diffusion time is insufficient due to rapid
heating.

All the above preparation processes adopt the solid phase method. MgO is
used as a magnesium source to stabilise the aluminum titanate material, to ex-
plore the properties of magnesium to stabilise the aluminum titanate. The sol-
id-phase method has a high reaction temperature and poor uniformity of the
prepared powder. Its cost is relatively low the preparation process is simple, does
not need special equipment, but it is difficult to produce high purity, ultra-fine

uniform powder.

2.3. Coprecipitation Method

The coprecipitation method overcomes the problems existing in the mixture,
solid reaction and comminution of raw materials, the purity and the uniformity
of composition, and the synthesis of powder raw materials with excellent prop-
erties. Coprecipitation method is to add precipitant to the mixed metal salt solu-
tion, that is, to get the evenly mixed precipitate of various components, and then
conduct thermal decomposition. Compared with the solid reaction method, this
method can produce a powder with good chemical uniformity and easy sinter-
ing. In common coprecipitation, all the cations in the excess precipitator solu-

tion precipitate simultaneously into a mixture. Under special circumstances,

Table 2. Samples composition with different amount of MgO.

Sample AT (Wt%) MgO (wt%) Chemical formula
AT 100 0 ALTIO,
2AT 98 2 Al gMg, Ti; ,O5
5AT 95 5 Al Mg, 5Ti; ;05
7AT 93 7 AlMg, sTi, 505
DOI: 10.4236/jmp.2020.1111117 1880 Journal of Modern Physics
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there are precursor compounds with oxygen cation ratio meeting the require-
ments.

Yang [16] et al. prepared Al,, ,Mg Ti,, Os (x= 0.05 - 0.3) composite powder
by chemical coprecipitation with TiCl,, MgCl, and AICl; aqueous solutions as
raw materials, ammonia water and ammonium bicarbonate as precipitators.
ALTiO; and MgTi,0; crystals belong to the rhombic system, with crystal plane
spacing d,, and lattice constants a, b and ¢ In accordance with formula dj, =
1/(#1Z + BB + P/ ), the composite powder was prepared by co-precipitation
method. By comparing the 3-strong peak of pure Al,TiO;, the crystal lattice con-
stant of the sample, and the difference value between the crystal lattice constant
and pure AL TiO, could be calculated [21]. The constant lattice ¢ of AL TiO; is
closely related to stability. As the ¢ value increases, the stability of AL, TiO; im-
proves, and the more the ¢ value increases, the more stable AL, TiO; becomes
[22]. The results show that the chemical co-precipitation method is more effec-
tive in improving the thermal stability of aluminum titanate than the solid phase
method. However, the powders prepared by this method have serious agglome-
ration and need later treatment. MgTi,05 containing 5%, 10% of the composite
powders, with furnace cooling does not appear in the process of generation of
alpha A1,0; AL TiO; decomposition, TiO,, shows that using chemical coprecipi-
tation synthesis of powder in MgTi,0, mole fraction of 5% can effectively inhibit
AL TiO; thermal decomposition, and using the method of solid-phase synthesis
of composite powders in MgTi,0; mole fraction of 10% AL TiO, there is still a
small decomposition, which fully embodies the superiority of chemical copreci-

pitation.

2.4. Sol-Gel Method

Sol-Gel synthesis is a recently developed method which can replace the high-
temperature solid-phase synthesis reaction to prepare ceramics, glass and many
other solid materials. It starts from the solution of organometallic compounds or
inorganic compounds, in the solution through the hydrolysis of compounds, poly-
merisation, from the solution into dissolved metal oxide particles of a sol, a fur-
ther reaction occurs gelation. Then the gel can be heated into ceramics, glass, etc.
At present, this method is one of the most important methods to prepare na-
no-thin films. The sol-gel method has won great interest from researchers of
thin-film materials at home and abroad for its outstanding advantages.

Plinio Innocenzi [17] precursors of oxidative components were triply butanol
(AL(O-s-Bu),), tetrply butanol (Ti(OBu),) and hexahydrate magnesium dichlo-
ride (MgCl,-6H,0), using 2,4-pentanedione(acac) (Aldrich), nitric acid (HNO,)
(Prolabo) (1IN) and anhydrous ethanol (Carlo Erba). In order to prepare thin
films composed of Al,TiO, (undoped aluminum titanate), Al(O-s-Bu), was care-
fully added to reflux EtOH (80°C) and Ti(OBu), was slowly added under mag-
netic agitation. The sol was cooled to room temperature, then HNO,(1N) was
added, and the obtained sol was stirred for 1h and freshly used for impregnating

coating. The preparation process of aluminum magnesium titanate was im-
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proved as follows. After adding Al(O-s-Bu); and Ti(OBu), into EtOH, acac and
MgCl,-6H,0 were introduced into EtOH. Finally, HNO, was added to catalyse
the sol. It was found that Mg Al,, ,Ti,,O; thin films prepared by sol-gel me-
thod could produce stable aluminum titanate phase at a temperature much low-
er than that of solid-phase reaction. The thermal stability of the film is up to 90
hours at 1150°C. During the long annealing time, the formation of microcracks
on the surface of the film improved the heat resistance of the coating. At higher

firing temperatures, Mg ions diffused to the surface of the film.

2.5. Gel Injection Molding

The equations are an exception to the prescribed specifications of this template.
You will need to determine whether or not your equation should be typed using
either the Times New Roman or the Symbol font (please no other font). Equa-
tions should be edited by Mathtype, not in text or graphic versions. Dai Binyu
[18] prepared Al,, ,Mg Ti,, O solid solution ceramics by gel injection molding
with a-AlLO,, rutile TiO, and MgO as initial powders. First, the organic mono-
mer (methyl acrylamide) and cross-linking agent (methylene acrylamide) were
dissolved in deionized water. Then, dispersant D-305 and defoaming agent
C-582 were added to evenly stir to form premix. The pH value of premix was
controlled to be 12 - 13. Then mix the powder evenly according to the molar
fraction ratio in Table 3 and add it into the premix to make the slurry with a
solid phase volume fraction of 52%. After ball grinding for 2.5 h, vacuum degel-
ling is carried out. After 15 min of treatment, appropriate amount of catalyst
(tetramethylethylenediamine) and initiator (ammonium persulfate) was added
to the slurry, fully stirred, and then vacuumized for 1 - 2 min. Then the slurry
was injected into the metal mold, dried and demodulated at 50°C, and dis-
charged into 1560°C after preservation for 2 h and burned.

The coefficient of thermal expansion was determined by differential method.
WDW-200D microcomputer-controlled universal testing machine was used for
the determination of flexural strength. The sample size was 7 mm x 8 mm X 60
mm. XRD test method was used to analyze the phase composition of sintered
sample powder at 1560°C and its thermal decomposition performance after be-
ing kept at 1100°C for 50 h. The diffraction peak area of the aluminum titanate
(101) crystal plane and rutile (110) crystal plane was measured on the X-ray dif-
fraction pattern to obtain /,,and 7/, and then the thermal decomposition rate of

the sample was calculated according to the following formula:

Table 3. Composition design of sample.

number a-AL O, MgO TiO,
1 100 0 1
2 95 5 1.05
3 90 10 1.10
4 85 15 1.15
DOI: 10.4236/jmp.2020.1111117 1882 Journal of Modern Physics
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It is found that the introduction of MgO increases the thermal stability of
ALTiOs, reduces the number of microcracks, and increases the density. When
the amount of MgO is not large, the strength of AL, TiO; increases with the in-
crease of x value. The coefficient of thermal expansion decreases slightly at first

and then increases gradually.

2.6. Nonhydrolytic Sol-Gel Method (NHSG)

The nonhydrolytic sol-gel (NHSG) process simplifies the sol-gel process, in par-
ticular, homogenises the sol in the sol-gel process at the atomic level, thus great-
ly reducing the synthesis temperature of multi-component oxides [19] [20] [23]
[24] [25] [26] [27]. NHSG method can synthesise aluminum titanate (Al,TiO;)
at 750°C, which is significantly lower than the solid-phase method and tradi-
tional sol-gel method [26]. Festive aluminum titanate (Al,TiO;) was prepared by
the nonhydrolytic sol-gel method. However, to our knowledge, there is no for-
mal report on the magnesium-stabilized modified aluminum titanate nonhy-
drolytic sol-gel (NHSG) process in the strict sense, except for the relevant pa-
tents of our research group.

Jiang Weihui et al [19] prepared magnesium-stabilized aluminum titanate
powder by nonhydrolytic sol-gel method using titanium tetrachloride and an-
hydrous aluminum chloride as precursors, anhydrous ethanol as oxygen supply,
magnesium powder, magnesium fluoride, magnesium ethoxide and magnesium
acetate as stabilizers. The effect of magnesium stabilizer on the synthesis of alu-
minum titanate at low temperature was studied. Anhydrous aluminum chloride
(AICL;, AR, Shanghai) and titanium tetrachloride (TiCl,, AR, Shanghai) were
mixed in conical flask with anhydrous ethanol (EtOH, AR, Shanghai) as oxygen
supply agent. The reaction mixture was refluxed continuously for 8 h at 110°C,
and aluminum titanate wet gel was obtained by nonhydrolytic sol-gel method.
The wet gel was dissolved with CHCI, solution of magnesium fluoride, magne-
sium powder, magnesium acetate or magnesium ethanol, refluxed at 110°C for
15 h, dried and ground at 110°C, and calcined at 750°C for 1.5 h to obtain
powder samples. The powder was pressed into rods of 5 mm x 5 mm x 40 mm
at a pressure of 12 MPa. Heat preservation for 20 h at 1100°C was conducted for
thermal decomposition test. The results showed that the introduction of magne-
sium powder or magnesium fluoride could not stabilize aluminum titanate, and
the failure of low temperature synthesis of aluminum titanate at 750°C was caused
by the promotion of nonhydrolytic homogeneous condensation. In the precur-
sor mixture, anhydrous magnesium acetate and ethoxy magnesium react with
aluminol and titananol to form heterogeneous condensation bonds and promote
the doping of magnesium ions into aluminum titanate lattice at 750°C, thus im-
proving its thermal stability. In order to study the thermal decomposition and
stabilization mechanism of magnesium stabilizer to aluminum titanate, the lat-

tice constants of samples W*, M} and M are listed in Table 4. For comparison,
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Table 4. Lattice parameters of samples.

Lattice parameter [nm]

Sample
a b c
w* 0.93589 0.95406 0.36025
M: 0.94082 0.96033 0.35959
M 0.94387 0.96135 0.35927
M? (1100°C, 20 h) 0.94487 0.96613 0.35982
M’ (1100°C, 20 h) 0.94919 0.97241 0.36013

Table 4 also gives sample lattice constants M) and Mj holding 20 h after
1100°C. As can be seen from Table 4, M, and M} of the values of a and b are
obviously about the same as ¢ than W*. It is fully proved that magnesium intro-
duced in the form of anhydrous magnesium acetate (M}) and ethoxylmagne-
sium ( M}) has been doped into the lattice of aluminum titanate and stabilized
it, which is the intrinsic reason for significantly improving the thermal decom-
position ability of samples M} and M. After the thermal decomposition ex-
periment held at 1100°C for 20 h, the lattice constants of samples M} and M}
further increased, indicating that magnesium ions continued to enter the lattice
of aluminum titanate during the thermal decomposition process, thus improving
the thermal stability of aluminum titanate. The process flow diagram 2 to be
adopted in this experiment is shown in Figure 2. Heterogeneous bonding between
magnesium acetate and titanium tetrachlide forms -Ti-O-Mg- and -Al-O-Mg-,
which promotes the doping of magnesium ions into the lattice of aluminum ti-
tanate at 750°C, changing the lattice constant of aluminum titanate, thus im-
proving the thermal stability of aluminum titanate.

Feng Guo et al [20] prepared magnesium stabilized aluminum titanate powd-
er by nonhydrolytic sol-gel method with anhydrous aluminum chloride and ti-
tanium tetrachloride as the precursor, anhydrous ethanol as the oxygen supplier,
and anhydrous magnesium acetate as the stabilizer. In the glove box, no water
needed for measuring low carbon alcohol in 100 ml conical flask of dry, then put
in ice water, according to the TiCl:AlCl,:Ethanol = 1:2:5 (mole ratio), with a pi-
pette measuring TiCl,, and insert a pipette conical flask quickly alcohol level in
the following, slow TiCl, mixed with alcohol, formation of TiCl,-alcohol solu-
tion, then adding anhydrous aluminum chloride, stir to mix well. 1) For unadul-
terated W* samples, reflux was directly performed at 110°C for 24 h and then
dried at 110°C to form a dry gel; 2) For the A* sample introduced by anhydrous
magnesium acetate before the polycondensation reaction of aluminum and tita-
nium precursor, add TiCl, 10 mol% anhydrous magnesium acetate, stir evenly,
reflux at 110°C for 24 h, and then dry at 110°C to form a dry gel; 3) For the sam-
ple B introduced after the condensation reaction of anhydrous magnesium ace-
tate in the precursor of aluminum and titanium, the sample was reflux for 12 h
at 110°C to form a wet gel. Then TiCl, 10 mol% of anhydrous magnesium ace-
tate was added and reflux was repeated for 12 h at 110°C to form a dry gel. For
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Precursors solution

Precipitation reaction

110°C
Reflux
110°C
Reflux
750°C

Figure 2. Schematic diagram of the process flow to be adopted in this experiment.

powder samples: the dry gel was directly obtained by calcination and grinding at
750°C. For the test strips for thermal expansion coefficient test, the obtained dry
gel was calcined at 300°C for 0.5 h, then 3 wt% PV A was added for granulation,
and then pressed into 40 mm x 5 mm X 5 mm test strips. Finally, magnesium
stabilized aluminum titanate samples were obtained at 750°C for 1.5 h. The an-
ti-thermal decomposition effect was tested by holding the samples at 1100°C for
20 hours. The results show that the introduction of anhydrous magnesium ace-
tate before the polycondensation of aluminum and titanium precursor is not
only detrimental to the stability of aluminum titanate at low temperature, but
also greatly affects the synthesis of aluminum titanate at low temperature. When
introduced after the polycondensation reaction of aluminum and titanium pre-
cursor, anhydrous magnesium acetate can further deester polycondensation
reaction with the polycondensation product of aluminum and titanium precur-
sor to form heterogeneous bonding, which ensures that magnesium can enter
the aluminum titanate lattice at 750°C to form a solid solution, thus improving
its thermal stability.

Figure 3 shows the XRD pattern of the powder prepared by 750°C for 1.5 h
after the addition of A" sample before the polycondensation of aluminum and
titanium, the addition of B* sample after the polycondensation and the addition
of W* sample without stabilizer. It can be seen from Figure 3 that, compared
with sample W*, sample A* not only has a significantly lower diffraction peak
intensity than sample W*, indicating that the addition of anhydrous magnesium
acetate before the condensation polymerization of aluminum and titanium inhi-
bits the low-temperature synthesis of aluminum titanate. Moreover, A" sample
showed a very strong corundum phase diffraction peak and a certain amount of
rutile phase, and the synthesis effect of A* sample was much worse than that of
A* sample. The relative strength of the aluminum titanate diffraction peak of B*

sample was also slightly reduced compared with that of W* sample, and there
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Figure 3. XRD patterns of samples W*, A* and B treated at 750°C for 1.5 h.

were a few corundum and rutile diffraction peaks, indicating that the low tem-
perature synthesis effect of B* sample was also slightly worse. However, com-
pared with A* sample, the synthesis effect of B* sample is obviously better than
A’ sample.

The thermal expansion coefficients of the three samples are listed in Table 5.
It can be seen from Table 5 that the thermal expansion coefficients of samples
W* and B are very similar, both approximately equal to 1.0 x 107%/°C, indicating
that the introduction of 10 mol% anhydrous magnesium acetate after the con-
densation polymerization of aluminum and titanium precursor does not affect
the thermal expansion performance of aluminum titanate. The thermal expan-
sion coefficient of A” sample introduced before the condensation polymerization
of aluminum and titanium precursor was 3.67 x 10~°/°C, which was significantly
higher than 0.99 x 107%/°C of W* sample. The reason is that the content of rutile
phase with high expansion coefficient in A* sample is relatively large (see Figure
3), which leads to the increase of thermal expansion coefficient of A* sample,
while the content of rutile crystal phase in W* and B* samples is relatively low,
and the content of aluminum titanate is not different, so the expansion coeffi-
cient of these two samples is very close.

Figure 4 shows the XRD patterns of W*, A* and B* samples after being kept at
1100°C for 20 h. The test results of their coefficient of expansion are listed in
Table 6. Figure 4 shows that the sample of W* has been completely decomposed
into the crystal phase with high expansion coefficient of corundum (8.6 x
107%/°C) and rutile (8.0 x 107%/°C) after being kept at 1100°C for 20 h, and its
expansion coefficient has correspondingly increased from the initial 0.99 x
107%/°C (see Table 5) to 8.78 x 107/°C (see Table 6). After being kept at 1100°C
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Table 5. Thermal expansion coefficients of samples treated at 750°C for 1.5 h.

specimen coefficient of thermal expansion (x107%/°C, 20°C - 1000°C)
A* 3.67
B’ 1.13
w* 0.99

Table 6. Thermal expansion coefficients of samples treated at 1100°C for 20 h.

Specimen Coefficient of thermal expansion (x107%/°C, 20°C - 1000°C)
A* 7.12
B’ 0.56
w? 8.78

@ Aluminum titanate

. V¥ Rutile
V' Corundum

T T T T T T T T T T T
10 20 30 40 50 60 70

26 (°)

Figure 4. XRD patterns of samples W¥, A* and B* treated at 1100°C for 20 h.

for 20 h, A" was basically decomposed into rutile and corununde, and its expan-
sion coefficient was also increased to 7.12 x 107/°C, indicating that the intro-
duction of anhydrous magnesium acetate before the condensation polymeriza-
tion of aluminum and titanium precursor could not effectively inhibit the ther-
mal decomposition of aluminum titanate. However, from the increase of the
thermal expansion coefficient of the sample, it can be determined that the alu-
minum titanate in the sample has not been completely decomposed, which is
consistent with the XRD pattern corresponding to Figure 4, and there are still a
small number of aluminum titanate diffraction peaks. In sharp contrast, the
sample B* introduced after the condensation polymerization of aluminum and

titanium precursor by anhydrous magnesium acetate was not decomposed by
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aluminum titanate after 20 h heat treatment at 1100°C. On the contrary, com-
pared with the XRD pattern of the sample B* in Figure 4, the synthesis effect of
aluminum titanate was significantly improved, which indicated that the newly
synthesized aluminum titanate phase continuously appeared in the process of the
sample B rising from 750°C to 1100°C. Due to the increase of aluminum titanate
crystalline phase and the disappearance of rutile phase, the expansion coefficient of
B# sample was reduced from 1.59 x 107%/°C to 0.56 x 107%°C (see Table 6).

Thus, it can be seen that although the synthesis effect of aluminum titanate at
750°C is better than that of the sample of B, it is completely decomposed at
1100°C and its low expansion characteristics are completely lost. Therefore, the
application of W* samples only outside the decomposition temperature of alu-
minum titanate makes sense. It is worth noting that after 1100°C, the sample of
B’ not only shows excellent anti-decomposition ability, but also greatly improves
the synthesis effect of aluminum titanate, highlighting the important value of the
sample of B* that can be applied at the decomposition temperature of aluminum
titanate, which is the purpose of improving the thermal decomposition ability of
aluminum titanate.

When introduced before the polycondensation reaction of aluminum and ti-
tanium precursor, anhydrous magnesium acetate can promote the homogeneous
polycondensation reaction in sol and form a large number of Al-O-Al and
Ti-O-Ti bonds in gel. The low temperature synthesis of aluminum titanate at
750°C is seriously affected. When introducing anhydrous magnesium acetate af-
ter the polycondensation reaction of aluminum and titanium precursor, it can
further deester the polycondensation reaction product of aluminum and tita-
nium precursor to form heterogeneous bonds of Mg-O-Al and Mg-O-Ti.
Therefore, magnesium can enter the aluminum titanate lattice at 750°C to form
a solid solution, thus improving its thermal stability. Of the hydrolysis of sol-gel
method in preparation of aluminum titanate material literature reported less, for
this, based on the team in the hydrolysis of sol-gel research of hydrolysis of he-
terogeneous condensation reaction conditions. The type of aluminum titanate
stabilizer, the influence law and mechanism of doping effect were studied. First
adopted the hydrolytic sol-gel to 750°C stabilization of modified aluminum tita-
nate (reduced above 500°C) than the traditional methods, both at home and
abroad the first reveals the traditional anhydrous (low electronegativity) metal
halide stabilizer cannot achieve aluminum titanate modified the root cause of
the low temperature stabilization. Excessive ionic bond percentage (50%) of po-
lar compounds to the hydrolysis of heterogeneous condensation reaction. Moreo-
ver, the magnesium stabilized aluminum titanate prepared by nonhydrolytic
sol-gel method has achieved negative expansion property, and the preparation
process has obvious advantages.

Our research group has developed a new high temperature stable aluminum
titanate base ceramic color and its preparation method. The precursor was ob-
tained by dissolving the aluminum source, titanium source and oxygen donor in

solvent. Then the colorant raw material which plays a stabilizing role or the co-
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lorant raw material and the stabilizer raw material are added together; Gel was
formed by non-hydrolyzed sol-gel condensation reaction. The gel was dried,
ground and calcined to obtain stabilized aluminum titanate base ceramic color.
The new high-temperature stable aluminum titanate ceramic color developed by
the invention has the characteristics of low synthesis temperature, low cost, small
color difference and excellent coloring effect, etc., and is an ideal high-temperature
color resistant material. The invention relates to a non-hydrolyzed sol-gel method
for the preparation of a new stable aluminum titanate base ceramic pigment,

which has the advantages of simple process, short period and easy control.

3. Conclusion

The preparation methods of magnesium-stabilized aluminum titanate powder
have different characteristics. Magnesium stabilization improves the thermal sta-
bility of aluminum titanate. However, the temperature of non-hydrolyzed sol-gel
method is relatively low, and aluminum titanate can be well synthesized at low
temperature at 750°C. Compared with the solid phase method, high-temperature
reaction is required, and the powder in liquid phase method is easy to agglome-
rate, etc. The preparation technology of non-hydrolyzed sol-gel method has ob-
vious advantages for the negative inflation of magnesium stable aluminum tita-
nate materials. The synthesis of aluminum titanate powder by nonhydrolytic
sol-gel method has great prospect. The medium temperature of aluminum tita-
nate (800°C - 1250°C) is easy to decompose, but the poor stability of the me-
dium temperature can be effectively inhibited by magnesium stabilization. Alu-
minum titanate itself has good corrosion resistance of glass melt and high tem-
perature stability. Aluminum titanate stabilized with magnesium has good sta-
bility at medium temperature. Meanwhile, NHSG method has unique advantag-
es. Because the non-hydrolytic heterogeneous polycondensation reaction is easy
to form heterogeneous bonding and achieve uniform mixing of atomic levels,
aluminum titanate stabilized with magnesium is expected to become an ideal

new high-temperature ceramic color base material.
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