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Effect of additives on properties of aluminium titanate ceramics
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Abstract: The influence of some additives on bulk density, phase composition, mechanical strength and thermal shock resistance of
aluminium titanate (AT) ceramics was investigated. AT ceramics with different additives of MgO, SiO, and Fe,O; were prepared by
reaction sintering. Properties of AT ceramics were tested by using Archimedes, three-point bending and thermal cycling tests. It was
found that additives of MgO, SiO, and Fe,O; or their compound additives are favorable to reduce the porosities of AT, enhance
mechanical strength and thermal shock resistance. The role of additives can be rationalized in terms of promotion of sintering process,
formation of new phases and influence on lattice constant ¢ of AT ceramics.
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1 Introduction

Aluminum titanate (AT) ceramic, produced by
sintering equimolar mixture powders of Al,O;and TiO,
or AT powders at the temperature of 1 500 °C, is a kind
of well-known ceramic materials with low thermal
expansion coefficient (9.5x107° °C™"), high melting point
(1 860 °C) and low thermal conductivity [1]. Due to
these excellent properties, AT ceramics are quite
appropriate for applications requiring high thermal shock
resistance or thermal insulation in the fields of steels,
metallurgy, glasses, ceramics and military application
[2-4]. For example, they are used as diesel engine
cylinders, internal combustions, catalyst carriers and
crucibles for casting and melting metal in ferrous or
nonferrous metallurgy.

Nevertheless, AT has two obvious drawbacks which
limit its application in industry. The first problem is its
thermal instability tending to decompose into a-Al,Os
and TiO,-rutile within the temperature interval of 900—
1 200 °C [5—6]. The second disadvantage of AT ceramics
is associated with its poor mechanical strength for the
existence of extensive microcracks, which are mainly
due to its strong anisotropy of thermal expansion [7]. In
order to eliminate these two drawbacks and improve AT
ceramics properties, much work has been done on doping

some oxide additives into the system [8—12]. KORIM [9]
found out that there was a transitional phase of
Mgo3Al 4Ti; 305 in the system with MgO additive,
which is useful for enhancing sintering of AT ceramics.
SHI and LOW [11] reported that spodumene has an
effect on densification of AT, reducing the porosity,
hardness as well as thermal mechanical strength. DONG
et al [12] specified the effect of both single additives
(MgO, SiO,, Fe,05 and ZrO,) and compound additives
on the mechanical and thermal properties of AT ceramics,
and finally pointed out that the compound additives of
MgO and Fe,O; have an excellent improvement on the
stability of AT.

Although much work has been done on the role of
additives in the AT ceramics, little attention is paid to the
relationship between microstructure and properties of AT
ceramics with different additives. In the present study,
the effects of additives MgO, SiO, and Fe,03, and their
compound additives on the microstructure and properties
of AT ceramics are investigated.

2 Experimental

The raw materials used to fabricate AL, TiOs (AT)
ceramics were a-AlLO; (>99%, 10 um, Aluminum
Corporation of China, Henan Branch) and TiO, (>99%,
0.7 um, Jinzhou Pengda Titanium Oxide Manufacturing
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Co. Ltd) powders on a molar ratio of 1:1. Then some
additives including MgO, SiO,, Fe,O; or their compound
additives were doped into mixtures respectively to
prepare different powders. In order to avoid much
formation of the secondary phases during sintering
process, the amount of additives was kept at a low level.
The specific content of each sample is listed in Table 1.

The equimolar mixtures of a-Al,O; and TiO,, with
different additives, were thoroughly mixed through ball
milling for about 10 h and then dried at 105 °C until the
moisture content was below 2% (mass fraction). The
compound powders were then uniaxially pressed into
bars of 30 mmx5 mmx5 mm at the pressure of 200 MPa.
After pressing, the samples were sintered at 1 500 °C and
the calcination durations were 3 h and 6 h respectively
for the purpose of comparison. The heating rate was 10
°C/min and the cooling rate was 5 °C/min, and there was
a stage of 30 min at the temperature of 600 °C to
volatilize the cohesive material in the samples.

Table 1 Content of raw materials and additives

Additive  m(AT)/g m(MgO)/g m(Si0,y)/g m(Fe,0;)/g
AT 45
MAT 45 3
SAT 45 4.5
FAT 45 4
MSAT 45 3 4.5
MFAT 45 3 4
SFAT 45 3 4

Analysis of phases was performed with an X-ray
diffractometer (PW3040/60) and then the lattice constant
¢ of AT was obtained. The operation conditions were
Cu K, radiation (A=1.540 5 A) produced at 40 kV in
10°-90° with the current of 40 mA and the scanning rate
of 8 (°)/min.

The apparent porosity and bulk density of the
sintered samples were measured with the Archimedes
method. The mechanical strengths of the samples were
tested by three-point bending on a computer controlled
electronic universal testing machine and then scanning
electron microscope (SEM) was applied to observing the
fracture structure of AT ceramics. Thermal cycling
experiments were also carried out to examine the thermal
shock resistance of AT ceramics, and three-point bending
tests were performed on the samples after thermal
cycling tests.

3 Results and discussion
3.1 Bulk density and apparent porosity

Figure 1 shows bulk density of samples with
different additives. When sintered for 3 h, the bulk

density of MAT ceramic with single additive MgO is
increased greatly compared with AT ceramic without any
additive. The other ceramics with other single additives
seem to be no obvious change in the bulk density.
However, when extending the sintering time to 6 h, it can
be seen that the bulk densities of all ceramics with single
additives are increased. This result indicates that the
sintering duration influences the bulk density. When
compound additives are doped into AT ceramics, it is
evident that the bulk density of MFAT and SFAT
ceramics are increased, but the bulk density of MSAT
ceramic is the same as the original AT ceramic. Figure 2
exhibits the change of apparent porosity of samples with
different additives. It should be noticed that the
MgO-doped is more effective to reduce the apparent
porosity and enhance bulk density than addition of SiO,
or Fe,O3. For example, the apparent porosity of MAT
ceramic sintered for 3 h is only 8% while the apparent
porosity of SAT or FAT ceramic is nearly 20%. The
finding of apparent porosity is good agreement with the
measurement of the bulk density except for SAT and FAT
ceramics sintered for 3 h.

Bulk density and apparent porosity can be used to
evaluate the influence of additives on the sintering
properties of AT ceramics. The role of additives in AT
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ceramics commonly lies in promoting or accelerating the
process of sintering. In general, additives act as active
components which can reduce the energy required for
sintering through forming solid solution or liquid phases
as well as compounds with Al,O;-TiO, mixtures [13].
Since different electrovalence between cations of
additives and AI** or Ti*" results in numerous passages
for solid-state reaction and promotes the process of
sintering, additives with different electrovalences and
different cation radii show remarkable difference in
calcination process. Thus the bulk density of ceramics is
usually improved during sintering process. For example,
the cation radius of Mg®" is about 0.057 nm, which is
similar to the cation radius of AI**(0.054 nm); the cation
radii of Si*' and Fe** are 0.026 nm and 0.064 nm,
respectively. This may be the main reason for the higher
bulk density of MAT ceramics compared with SAT and
FAT.

3.2 Phase component

X-ray analysis was used to measure the phases in
the sample in order to identify the phase component
variation after adding different additives to the system as
well as samples without any additives. The XRD pattern
of sample without additive is shown in Fig. 3. The
intensity of X-ray diffraction of AT is sharp and intensive,
which means that the grains are crystallized completely.
It is also demonstrated that AL, TiOs is the only new
phase and almost the entire AL,O; and TiO, react to
form AT. Sometimes since sintering time is short or the
sintering temperature is low, there is a small amount of
TiO, in the phase. The patterns of sample with MgO and
with compound additives SiO, and MgO are shown in
Fig. 4. It can be seen that MgAl,0O, is formed in the
sample when the amount of MgO additives exceeds its
solution limitation. Meanwhile, the peaks of MgAl,O,
are very low, which indicates that the amount of
MgAL,O4 is quite minor. Similarly, the sample with
compound additives of MgO and SiO, also possesses
little Mg,SiO4. In fact, MgAl,O4 and Mg,SiO,4 are of
great importance to increase the strength as well as to
improve stability of AT ceramics. Meanwhile, the XRD
patterns of SAT, MFAT, SFAT and FAT are shown in
Fig. 5. It is noticed that with additive of SiO,, there is a
little TiO, phase remaining in the specimen SAT. For
MFAT ceramic, there exists a little MgAl,O,. In MFAT
and FAT, there are no other phases expect for AL, TiOs.

The lattice constant ¢ of AT ceramics can be
calculated with the aid of data from the X-ray diffraction
tests, as listed in Table 2. The calculation results show
that the lattice constant ¢ of AT with additives is
increased a little. According to Ref. [14], the crystal
structure of AT is composed of distorted octahedral
of [A10¢] and [TiOg]. The lattice constant ¢ of AT
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Fig. 5 XRD patterns of SAT, MFAT, SFAT and FAT

corresponds to the height of octahedral which has a
relationship with the bond angle of O—AI—O or
O—Ti—O. The model of octahedral configuration is
shown in Fig. 6. The greater the degree of octahedral
distortion is, the worse the stability of it is. Therefore, the
stability of AT can be improved by increasing lattice
constant ¢ and reducing the distortion of octahedral. In
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Table 2 Comparison of lattice constant ¢

Table 3 Strength and standard deviation (o) of samples

Sample Additive alA b/A c/A
AT - 94183 9.6395 3.5891
MAT MgO 9.4792 9.6118 3.6093
MSAT MgO+SiO, 94752 9.6929  3.603 8
SAT SiO, 94499 9.6668 3.5983
MFAT MgO+Fe, O3 94215 9.6562 3.607 6
SFAT SiO,+Fe, O3  9.4945  9.6256  3.6111
FAT Fe,0; 94690 9.6811 3.6049

Fig. 6 Relationship between lattice constant ¢ and distortion of
octahedral [13]

the present work, due to the replacement of cations, Mg**
or Si*'substituting for AI*', the lattice constant of AT
ceramics is increased, producing more stable AT
ceramics.

3.3 Mechanical strength

Strength of AT ceramics was tested with the method
of three-point bending test. From the data in Table 3, it
can be seen that AT without additive only gains a minor
strength about 11 MPa. By contrast, sample with
additives of MgO or SiO, as well as compound additives
displays a relatively higher bending strength than AT
ceramic without any additives or AT with Fe,O;. That is
to say, MgO or SiO, is beneficial to the bending strength,
while Fe,0; is detrimental to the bending strength of AT
ceramics though it can be utilized as a component to
increase the bulk density of AT ceramics. It has been
reported that MgO substitutes Al,O; in the sintering
process and forms solid solution with ALO; [15]. When
the amount of MgO exceeds its solid solubility limitation,
the surplus MgO reacts with Al,O; to form spinel, which
lies in the boundary of AT ceramics. It is well know that
spinel formed at the grain boundary hinders the crystal
growth of AT, weakens the crystal domain and restrains
the crack of crystal lattice. In other aspects, it is also
beneficial to promote sintering and facilitate the
intensification of ceramics. As for SiO,, it can react with
AL O3, forming mullite with needle-like structure. Since
mullite is of high melting point, high strength and
excellent resistance to creep, it is used to increase the
strength of AT ceramics [16]. Unlike MgO or SiO,, the
reaction mechanism of Fe,O; with Al,O3-TiO, system
still needs to be further investigated.

3h 6h
Sample
Strength/MPa o/MPa  Strength/MPa  o/MPa
AT 11.16 1.29 11.90 1.15
MAT 15.36 1.06 1591 1.08
SAT 18.20 1.31 16.90 1.25
FAT 7.98 1.28 9.01 1.09
MSAT 16.77 1.12 16.51 1.05
MFAT 19.56 1.20 17.18 1.28
SFAT 13.74 1.07 13.66 1.34

Besides, it is clearly seen that the sintering duration
of 6 h or 3 h poses little difference on the bending
strength of all samples in the experiments. For instance,
sample SAT has strength of 18.2 MPa sintered for 3 h
and 16.9 MPa for 6 h, and MFAT has strength of 19.56
MPa sintered for 3 h and 17.18 MPa for 6 h. The little
decrease of mechanical strength may be mainly caused
by the growth of crystal grains for longer calcination
duration.

3.4 Morphology of fracture surface

In order to evaluate the effect of compound
additives on the properties of ceramics and reveal the
fracture behavior of AT ceramics with compound
additives, some typical fracture morphologies of samples
sintered for 3 h are shown in Fig. 7. For the sample
MSAT, loose structure with some big cavities can be
observed (Fig. 7(a)). This loose structure must be related
to low bulk density of 2.79 g/cm’ and bending strength
of 16.77 MPa because too many apparent pores make the
bearing surface reduce and thus the material presents a
low strength. For the sample MFAT, closely packed and
apparent pores could hardly be seen, but some
inner-crystal pores are formed (Fig. 7(b)). It is obvious
that the larger bulk density of 3.42 g/cm’ and strength of
19.56 MPa are correlative with the decrease of apparent
pores. Moreover, inner-crystal pores are of benefit to
deactivate the main crackle and ease the stress
concentration on the tip of main crackle or split the main
crackle, which enhance the material strength accordingly.
As for the sample SFAT, less apparent pores and inner
pores are observed on the fracture surface (Fig. 7(c)).
Compared with MSAT and MFAT, SFAT has the highest
bulk density of 3.55 g/cm® but the lowest strength of
13.74 MPa, which can be attributed to the addition of
Fe,05. As previously discussed, the addition of Fe,O; is
unfavorable to the mechanical strength.

3.5 Thermal shock resistance
Thermal shock resistance of AT ceramics was
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Fig. 7 Microstructures of fracture surfaces: (a) MSAT; (b)
MFAT; (c) SFAT

estimated with the methods of thermal cycling at the
temperatures ranging from 1 000 °C to room temperature
and the specimens were quenched in the air. After 10
cycles, there is no phenomenon of crack or failure in all
of the specimens. The bulk density as well as the
apparent porosity shows little or no difference with
samples without thermal shock tests. After thermal
cycling, the three-point bending tests were performed on
the specimens. It is observed that the mechanical strength
is improved a little for the samples after thermal cycling,
as illustrated in Table 4. But the fracture surface seems to
be similar with that without thermal cycling (Fig. 8).
Improvement of mechanical strength after thermal
cycling should be related to microcracks which can

absorb the strain energy and delay the failure of the
specimens.

Fig. 8 Microstructures of fracture surface before (a) and after (b)
thermal cycling tests

Table 4 Three-bending strength comparison before and after
thermal cycling tests

Sample Strength® /MPa Strength® "/MPa

Before After Before After
AT 11.16 14.00 - -

MAT 15.36 25.02 1591 20.98
SAT 18.20 17.41 16.90 24.48
FAT 7.98 14.21 9.01 14.10
MSAT 16.77 20.50 16.51 16.78
MFAT 19.56 22.25 17.18 17.17
SFAT 13.74 23.77 13.66 20.16

4 Conclusions

1) Single additive is of great advantage to increase
the bulk density and mechanical strength of AT sintered
for 3 h, whereas bulk density and bending strength show
little variation when the calcinations duration is 6 h.

2) Compound additives of MgO+SiO,, MgO+Fe,0;
and SiO,+Fe,0; increase the density and strength when
sintering time is 3 h. After sintering for 6 h, there is no
increase in density and apparent porosity, and minor
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decrease of strength compared with 3 h.

3) There is minor phase of MgAl,O4 and Mg,SiO,
in the sample with MgO and MgO+SiO,, respectively as
additives; the lattice constant ¢ of AT increases with the
application of additives, thus improves stability of AT.

4) AT ceramics with additives of MgO, SiO, or
compound additives show a relatively higher bending
strength compared with AT without any additives and AT
with Fe,0s.

5) Additives of MgO and Fe,O; can improve the
thermal shock resistance of AT ceramics due to
decreasing the distortion of octahedral of AT ceramics.
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