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Ceramic powders of aluminum titanate (Al,TiOs)-mullite composites with submicrometre sizes were synthesized by the
stepwise alkoxide hydrolysis of tetraethylorthosilicate, Si(OC,Hs)4 and titanium tetraethoxide, Ti(OC;Hs),, in an Al,O3 ethanol
colloidal suspension. All particles produced by the sol-gel process were amorphous and mono-dispersed ones with a narrow
sizedistributions. Thereaction of a-Al,Os; with amorphous-TiO, and -SiO, to form aluminum titanateand mullite startsin the
temperature range of 1280-1300°C and 1450-1480°C, respectively. Al,TiOs-mullite composites sintered at 1600°C showed a
moderately high mechanical strength and a low thermal expansion coefficient obtained by inhibiting grain growth of the
Al,TiOs by the addition of mullite.
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I ntroduction tives such as SIO, [22], ZrO, [23], ZrTiO,4 [24, 25] or
mullite [26], most of which do not form a solid solution
Aluminum titanate (Al,;TiOs) is a potential thermal with Al,TiOs but rather restrain the tendency of Al,TiOs

insulating material for engines in an high temperature toward decomposition. Most studies on the mullite
environment because of its excellent therma shock system involve the preparation of materials by a high
resistance from its very low therma expansion, low temperature reaction from oxide powders. By this
thermal conductivity and low Young's modulus [1]. conventional process, reactions between oxides are
However, Al,TiOs materias have a relatively low insufficiently fast to lead to completion. Therefore, in
mechanical strength because of microcracks induced by general, a new process such as the sol-gel method has

the high anisotropy of the thermal expansion coefficients been preferred to produce uniform a reacted products
along the crystallographic axes [2, 3]. This materia is consists of Al,TiOs and mullite;

conventionally synthesized by reection sintering of Al,O3 a-AlLO+TIOrutile+SiO,-cristobalite

and TiO,. The reaction and formation of Al,TiOs . B-Al,TiOs+Mullite+Glass phase 1600/4 h [27, 28]

occurs above 1280°C in an oxidizing atmosphere. By ; :
T ) Al,05-amorphous+TiO,-amorphous+SiO,-amorphous
contrast, mullite is first synthesized at 1480°C as shown N 2[3-3AI2Ti (i Mullit e+ZGI Sh 160(2)°C/ 4 hp[29]

in Table 1. However, a pure Al,TiOs tends to decompose . .

into Al,O; and TiO, at temperatures ranging from 800° a-AIz'i)lgfrTgOiamﬁr{)hogls+S| Oﬁ-amocgghous
to 1300°C during cooling below the equilibrium temper- = B-Al2TIOstMullitetGlass phase [30]
ature of 1280°C [16]. The thermal stability of Al,TiOs The above studies have aimed at a detailed investi-
can be improved by the formation of solid solutions gation of the amorphous Al,Os, TiO,, and SO, system
with MgO, Fe,Os, or TiO,, which are isomorphous of the composition; Al,TiOs+Mullite made by a sol-gel

with the minera pseudobrookite, such as Fe,TiOs [17], process, using a semi-alkoxide route [29]. However, the
MgTi,Os[18, 19] or TizOs (anosovite) [20]. This chemica control of the particle size and homogeneous mixing
stabilizing effect is related to a decrease in the decom- gtill remain problems when titanium, aluminium and
position temperature of the iso-structural compounds. silicon akoxides are used as precursors.

Al,TiOs can aso be mechanical stabilized by limiting Therefore, in the present study, new materials with
its grain growth [21]. Another source of stabilization is low thermal expansion, based on Al,TiOs-3A1,05-2S 0,
the limitation of microcracks by the addition of addi- composites of various compositions, were fabricated by

a stepwise akoxide hydrolysis to reduce the particle
size and adjust the compositions of Al,O3:TiO,:SIO..
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Table 1. Sythesis conditions Al,TiOs and Mullite by prior studies

Starting phases Synthesized phase Synthesized condition Ref.
G-Aleg, Ti 02 - rutile B-AlleOs 1500°C [4,5,6]
y—AI203, T|02 - rutile B-AlleOs 1450°C for 4h [7,8]
G-A'zOg, Ti O, - anatase B-AlzTiOs [9]
a-Al,Os, TiO, - amorphous B-Al,TiOs 1350°C for 30 min [10,11]
Al,05 - amorphous, TiO, - amorphous B-Al,TiOs 1280°C [12]
3Al,05 -corundum, 2SiO; - cristobdite Mullite 1600°C for 4h [13]
a-Al,0; SO, - rutile Mullite 1450°C for 2h [14]
a-Al,0s, SIO; - rutile Mullite 1450°C for 4h [15]
Experiments Table 2. Chemical composition of the compacts (Wt%, 1050°C

We synthesized the Al,TiOs-mullite composites by
the stepwise akoxide hydrolysis of tetragthylorthosilicate,
Si(OC,H5s)4 (Huels AG, Troisdorf, 98.9%), and titanium
tetragthoxide, Ti(OC,Hs), (Huels AG, Troisdorf, 98%),
in an Al,O3 (A-16SG, Alocoa Chemie) ethanol colloidal
suspension. Al,Os coated - SIO, and - TiO, coated gel
prepared from 0.4 mol Si(OC,Hs)4/l, HO/ Si(OC,Hs)4
=80/, 6.23 mol C,Hs0OH/I with 1.91 mol NH4/I and 0.3
mol Ti(OCHs)4/l, H,O/Ti(OCHs),=4/, 15.7 moal
C,HsOHY/I, respectively. Dispersed powder was centri-
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Fig. 1. Schematic diagram of the sol-gel process for preparing
Al,TiOs-Mullite composites.

for 1 h)

Mullite vol %* AT  ATM1 ATM2 ATM3 ATM5
0

10 20 30 50

Al,Oq 5692 5344 5767 6519 6339
TiO, 4272 4281 3550 2553 24.39
SO, 0.02 3.44 6.67 856 1181
Sum 99.66 99.69 9984 9926 99.59

Ignition loss[%] 8.37 7.83 6.67 5.88 6.48
“Synthesized crystalline Mullite vol% at 1600°C for 2 h.

fuged to remove the alcoholic solution, washed with
deionized water and dispersed again in agueous NH,OH
(NHs, 25%, Merck Darmstadt) solution (pH=10) as
shown in Fig. 1. The chemical composition of each of
the compacts is shown in Table 2, where AT, ATM1,
ATM2, ATM3, and ATM5 refer to 0, 10, 20, 30, and 50
vol% addition of mullite, respectively. Powder compacts
were prepared by centrifugal casting followed by drying
at 100°C. The powders were dry pressed at 200 N/mm?
to produce pellets (10 mm in diameter and 15 mm
thick) and bar specimens. They were sintered at 1400,
1500 and 1600°C for 2 h in air after the calcination in
air 600°C for 1h, to remove organic materials. At this
stage the heating rate was 10 K minute™ and the cooling
rate was about 20 K minute™’. The sintered densities
were measured by the water-immersion method. Ana-
lyses of particle size, particle morphology, and the state
of agglomeration were observed from SEM (Cambridge,
Steroscan 250 MK?2). Surface area and particle sizes
were determined by N, adsorption (BET). The phase
transformation from amorphous gel to various state of
crystalinity was studied by high-temperature X-ray
diffraction (Philips, PW1180/00, Ni-filtered CuKa) and
DTA (Netzsch). The shrinkages were tested up to
1500°C in air with heating and cooling rates of 10 K
minute* and the thermal expansion coefficient from
room temperature (RT) to 1500°C was determined for a
5 mmx5 mmx25 mm specimen, in air, using a
dilatometer, at a heating rate of 5K minute™ and a
cooling rate of 10K minute. The 3-point bending
strength of three bar specimens (7 mm x 7 mm x 70
mm) of each composition a room temperature was
measured using a universa testing machine (Instron
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Fig. 2. Micrographs of the top surface of green compacts by centrifugal casting. (&) TiO, (b) TiO,-coated-Al,O; (¢) SO, (d) SiO,-coated-

Al;Os.

1186), with a span length of 40 mm and a cross head
speed of 0.2 mm/minute. The Young's modulus was
measured by a resonance-frequency method, as a function
of dntering temperature using the bending-test specimens.

Results and Discussion

The TiO,-coated Al,O3 for Al,TiOs

The synthesized amorphous TiO,-coated Al,O; powders
(A1,03:TiO,=1:1) in this study exhibited an average
narrow size distribution (0.2-0.4 mm) and partialy
agglomerated characterigtics, with a high surface area
of 194 m%g (Fig. 2). Agglomeration may have been a
result of the rapid reaction of Ti(OC,Hs), with HyO.
Figure 3 shows the DTA-TGA curves of TiO,-coated

Weight loss (%)

TGA

DTA

Exoth.

Endoth.

200 400 600 800 1000 1200 1400
Temperature (°C)

Fig. 3. DTA/TGA curves of the amorphous TiO,-coated Al,O4
powder.

Al,O3 powder. Dehydration occurred in the temperature
range of 80-100°C. The exothermic peak located
between 200 and 350°C was attributed to the oxidation
of organic residues. In this temperature range, weight
losses were observed between 500 and 1500°C. On the
other hand, the DTA curve showed an endothermic
peak located at 1300°C (AH=13.94 KJmol) [12]. The
molar free energy of formation is[13].

G-A|203+Ti02-ruti|e - B'A|2T|O5 (1)
AG,Tios=AH-AS’T=1700-10.95T [Jmoal]

The endothermic reaction becomes feasible because
of the positive entropy contribution AS’. Al,TiOs is
entropy-stabilized similar to a pseudobrookite phase [14]
with a certain entropy contribution by cation disorder
[2]. It is conceivable that positive entropy might be
further enhanced by the additional entropy of mixing
term, that is, by the formation of Al,TiOs, as confirmed
by X-ray diffraction patterns.

The crygtaline phase of the amorphous TiO,-coated
a-Al,Oz g powder as a function of temperature and
soaking time is reported in Table 3. No B-Al,TiOs was
detected in the heat-treated samples a 1200°C, even
after soaking for 2 hrs. However, AT-gel powder heat-
treated at 1300°C/3 h showed B-Al,TiOs as the major
phase with a smal amount of a-Al,O; and TiO,. The
presence of these starting materials could be due to a
slow reaction rate because of the generation of large
diffusion paths with the progressive formation of
aluminium titanate. These results indicate that the
formation of aluminium titanate occurs above 1300°C

[5].
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Table 3. Phase composition of the amorphous TiO,-coated a-Al,O3 (high temperature X-ray diffraction)

Temp./Socking Phase composition of the amorphous TiO+a-Al,05
Time (hkl)
(°CIh) C(104)  C(012)  A(101) C(110) A(004) R(110) R(110)  AT(110) AT(023)
100 w w
200 S m
300 VS S w
400 VS S m
500 S S S m m
600 w Vs S m m w w
900 w Vs VS w w m S
900/1 w m m w m S
1000 w m m w S VS
1000/1 w w vw S VS
1200 w w VW S VS
1200/2 w vw VW S Vs
1300 w VW S 'S w VW
1300/2 wWw ww m S m m
1300/3 wWw ww vm m S s
1400 VW VWW w m VS S

Phase: A=Anatase, R=Rutile, C=Corundum, AT=3-Al,TiOs

Intensity: vs=very strong, s=strong, m=middle, w=weak, vw=very weak, vww=very very weak

When the green compact of TiO,-gel coated Al,Os
was heated at 10 K minute™, the shrinkage started at
1050 and reached a maximum rate of 1.067 x 10°S™
in the temperature range of 1300 and 1350°C. The
lowest shrinkage rate was measured as 0.267 x 102 S
at 1400°C as shown in Fig. 4. Furthermore, the volume
expansion occurred during the formation of aluminium
titanate in the temperature range of 1400 and 1500°C.
This showed a zero level of shrinkage rate. The crysta
structure of the B-Al,TiOs was the pseudobrookite type
with a theoretical density of 3.70 g/cm®. The densities
of the starting oxides a-Al,O; and TiO,-rutile were
3,995 and 4.25 g/lem®, respectively. Therefore, the reaction
of Al,TiOs such as (1) was accompanied by an 11%
increase of molar volume [30]. After the Al,TiOs had
been formed, the tota shrinkage was measured as
15.6% at 1500°C.
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Fig. 4. DTA/TGA curves of the amorphous SiO,-coated Al,O4
powder.

The SO,-coated Al,Ozfor Mullite

The amorphous SiO,-coated Al,O3 powders (3A1,0;:
250,) synthesized in this study consisted of spherica
particles with a narrow particle-size distribution (0.5~
0.6 pm) and a high surface area (76.3 m?/g) as shown
by SEM in Fig. 2. This uniform size of the SiO,-coated
powder required the simultaneous satisfaction of severa
conditions [10]; a proper reagent concentration was
necessary to promote nucleation and the reagents must
be mixed completely prior to particle nucleation, so
that nucleation occurred uniformly throughout the
solution. The DTA-TGA heating curves of the sample
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Fig. 5. Shrinkageand shrinkagerate of TiO,-coated Al, O3 powder.
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Table 4. Phase composition of the amorphous SiO,-coated a-
Al,O3 (high temperature X-ray diffraction)

Phase composition of the amorphous

Temp./Socking SIOy+a-Al,O,
T('/f];e (hkl)
K(012) C(101) M(210) M(120)
110 m
1100 VS
1100/2 s
1200/2 WS
1300 Vs VW
1300/2 S VVS
1400 m VS
1400/2 m VVS
1450/2 m VVS
1480/2 VW S VWw ww
1500/1 VW S m VW
1550/1 VW vw VS m
1600/2 vWwW s vwWww

Phase: K=Corundum, C=Crigtobalite, M=Mullite
Intensity: vvssvery very strong, vs= very strong, s=strong,
m=middle, w=weak, vw=very weak, vww=very very weak

dehydrated at 100°C are shown in Fig. 5. The dried
mullite-gel exhibited a broad endothermic peak in the
low-temperature range around 120°C due to the loss of
water and organic solvents. With further heating, the
material showed a broad exothermic effect around
200°C and an other broad exothermic peak at 1300°C.
This transformation can be assigned to cristobalite
formation from amorphous SiO, on the basis of the
XRD results in Table 4. These showed a stable
cristobalite phase and mullite were formed at 1480°C
(AH=16.21 Kcal/moal) [11].

These data were analyzed by means of the ratio of
peak intensities of corundum (012), cristobalite (101)
and mullite (210). The amorphous SIO, began to crystal-
lize at 1300°C and changed to the cristobalite phase.
Cristobalite peaks were detected between 1300 and
1550°C. Mullite was first detected at 1480°C. The
crystaline phases of the amorphous SiO,-coated a-
Al,O; gd powder as a function of temperature and
soaking time are summarized in Table 4. No mullite
was detected in the heat-treated samples at 1400°C,
even after soaking for 1h. This mullite-gel powder
heat-treated at 1480°C/1h exhibits cristobalite as the
mgor phase with a smal amount of a-Al,O; and mullite,
The amorphous silica prepared from tetragthylortho-
dlicae (TEOS, Si(OC,Hs),) has a smpler transformation
[15].

Amorphous SO, gel ----------- Cristobalite 2

The reaction of various types of Al,O; and SO, to
form the intermediate crystalline mullite phase is trig-

gered by the formation of cristobalite. The prior results
suggest that an amorphous aluminium-silicate phase or
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Fig. 6. Shrinkage and shrinkagerate of SiO,-coated Al,O; powder.

aAl-Si spind forms before the formation of the mullite
phase [15] even though some studies report mullite
formation by the reaction of Al,O; and amorphous
without any formation of a precursor (either amorphous
or a spinel phase). Fig. 6 shows the shrinkage rate
curves of green compact of SiO,-amorphous coated
Al,Os;. When a green compact was heated at 10 K
minute?, shrinkage started at 900°C and reached a
maximum rate of 3.73x 10° S at 1375°C. After mullite
had been initially formed at 1480 (1.69 x 103 S™), the
shrinkage rate obtained between 1450 and 1500°C were
from 253x10°S? to 0.85x10°S™. Additionaly,
shrinkage occurred during mullite formation at about
1500°C with a shrinkage rate of 1.33x 10 S™. The
coated powder has a relaive density of 95.6% and
consisted of 23wt% mullite at 1500°C. The tota
shrinkage in this case was 11.7%.

The SO, and TiO,-coated Al,O3 for Al,TiOs-Mullite

The relative linear shrinkage curves of green com-
pacts of ATM1, ATM3, and ATM5 during the process
are given Fig. 7. The shrinkage of ATM1 powder starts
at about 600°C while, the ATM 3 and ATM5 have
started their shrinkage already at approximately 500°C.
This shrinkage at lower temperature is probably due to
the crystallization process and the change of phase
undergone by Al,Os-coated amorphous powders. Ap-
preciable shrinkage occurs at 1000°C and increased
steadily to 1350°C, when a change in the gradient is
noticed and a minimum in the shrinkage is reached in
the temperature rage from 1350°C to 1400°C. Pure
Al,TiOs from the amorphous TiO,-coated powder
changed at 500°C into the anatase crystal phase, then at
600°C to rutile and at 1300°C finally 92% to Al,TiOs.
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Fig. 7. Shrinkage curves of ATM1, ATM3 and ATM5 green
compacts.

The amorphous SiO,-coated powder Sarted crystdlization
at 700°C and formed cristobalite at 1300°C and then at
1470°C the formation of Mullite occurred, as shown by
the DTA and XRD results in Fig. 3, 5 and Table 3, 4.
The total shrinkage of ATM1 was about 15.8% at
1400°C, and for the ATM3 and ATM5 the total shrink-
age at 1400°C was 17.7% and 17.9%, respectively, but
up to 1500°C the shrinkage of all samples was dightly

ALTIO, (wt%) Mullite (wt%)
100 100

—0— ALTiOg in ATMI1
-0~ ALTIO, in ATM2
/ // 60
—
-
40

—a— ALTIO, in ATM3

80 | —v— ALTIO;in ATMS
—v—  Mullite in ATM2
—a— Mullite in ATM3
—m—  Mullite in ATMS

60

1100 1200 1300 1400 1500 1600
Temperature (°C)

Fig. 8. The formation of Al,TiOs and mullite from ATM
composition as a function of temperature with 2h soaking time.

negative during Al,TiOg phase formation because Al,TiOs
has a dightly lower density than does an equivaent
mixture of alumina and rutile. These effects are illust-
rated better by the derivative of the curve, which repre-
sents the low shrinkage rate between 1350 and 1400°C
and emphasises the change in gradient in Fig. 4. The
formation of Al,TiOs-mullite from the different values
of composition as a function of sintering temperature
with 2h soaking time is reported in Fig. 8. The conver-
sion of Al,TiOs in ATM compositions at the same
temperature is strongly dependent on the amount of
mullite gel. With an increasing amount of mullite gel,

Fig. 9. Microstructure of sintered ATM-materials at 1600°C for 2 hrs(gray or 2: AT, dim or 1: mullite, bright: rutile, black: porosity).
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Table 5. The phase compositions and the physica properties of the materials (1600°C for 2h)

Ik-Jin Kim and Kee Sung Lee

AT ATM1 ATM2 ATM3 ATM5
Phase composition AT+R+C AT+Mullite+L AT+Mullite AT+Mullite AT+Mullite
Bulk density [g/em?] 29 33 35 33 34
Relative density [%0] 76.0 88.2 93.3 88.0 92.2
Average grain size of AT [um] 20 40 18 15 8
TEC 1400°C 0.8 20 170 36 420
0251500 1500°C 12 17 1.80 30 4.20
[x10°% 1600°C 0.8 05 0.95 1.80 2.0
Bending 1400°C 40 75 95 125
Strength 1500°C 25 40 70 75
[Mpal] 1600°C 25 70(50) 35(12) 45(17) 40(15)

*Key: AT; B-Al;TiOs, R; Rutile, C; Corundum, L; Liquid phase, TEC; Therma expansion coefficient, ( ); Young's modulus

we get a decrease in the formation of Al,TiOs in ATM
compositions at the same temperature. The formation
of Al,TiOs in ATM1 consisting of 90% Al,TiOs and
10% mullite with increasing temperature showed 40%,
69%, 96% and 94%, respectively. The fina phase of al
ATM compostions sintered at 1600°C for 2 h consisted
mainly of two crystaline phases: Al,TiOs and mullite.

The microstructure of the sintered ATM composites
at 1600°C/2h consists of a narrow size distribution of
Al,TiOs and mullite grains as shown in Fig. 9. However,
ATM1 bhaving 10% mullite exhibited significant -
Al,TiOs grain growth, with grain sizes of about 10-50
pm, and a small amount of dispersed corundum and
rutile at grain boundaries. It aso clearly showed some
of the large grains with closed pores, created during
densification.

The mean grain diameter of the ATM5 was 5-8 um;
such a distribution of interlinked fine-mullite particles
a the grain boundaries would prevent B-Al,TiOs grain
growth. In al cases, the Al,TiOs grains decreased in
size with increased mullite content and were surround-
ed by microcracks. The grain boundary microcracks
observed at the Al,TiOs grains are expected to be due
to the highly anisotropic Al,TiOs crysta structure.

Table 5 summarizes the phase compositions and
physical properties of the materials sintered at 1400°C,
1500°C, and 1600°C for 2 h. The final phase consisted
mainly of two crystalline phases. Al,TiOs and mullite.
The density of the ATM materials increased as the
mullite content increased, reaching a maximum at 20
vol% of mullite, and then decreased with further increase
in mullite content, indicating increased microcracking
with a porosity of 12%. However, irrespective of vari-
ations of the relative density, the densities was improv-
ed by the addition of mullite into Al,TiOs. The low
relative density of pure Al,TiOs (76.0%) is related to
the grain growth of Al,TiOs and higher porosity because
Al,TiOs has a lower theoretical density of 3.70 gem™
in comparison with an equimolar Al,O4/TiO, mixture
(4.19 gem™) accompanied by an about 11% molar

volume increase [30].

A relatively high bending strength of 72.0 Mpa and a
moderately high Young's modulus of 50.0 KN/mm?
were found in ATM1 (90 mol% of Al,TiO,) after sinter-
ing a 1600°C. This result can be attributed to the
formation of a grain-boundary liquid phase during
sintering, which aided densfication and, thus, reduced
microcracking, thereby increasing strength. However,
the bending strength of AT and ATM materials sintered
at 1400°C and 1500°C showed a higher strength than
those a sintered at 1600°C. This result could be possibly
explained by the microstructure developed having an
increased amount of grain boundary microcracking in
Al,TiOs a the higher sintering temperature. The Young's
modulus was measured as a function of quenching
number by a resonance method. ATM1 having 10
mol% mullite has a relatively higher Young's modulus
of 50 kN/mm? than the others. However, one gets a
decrease of Young's modulus with increasing Al,TiOg
content. All ATM composites with increasing Al,TiOs
content and temperature exhibit reduced thermal ex-
pansion. Such a phenomenon can be explained also in
terms of accumulated microcracking by the micro-
structure from thermal expansion anisotropy of the
individua B-Al,TiOs crystals that give rise to stresses
on a microscopic scale during cooling; these localized
internal stresses were the driving force for microcrack
formation. During the reheating run, the individual
crystalites expanded in the low temperature region;
thus, the solid volume of the specimen expanded into
the microcracks, whereas the macroscopic dimensions
remained amost unchanged. As a result, the material
expanded very little [10]. The therma expansion
coefficients of ATM materials sintered at 1600°C
were between 0.5 x 10° and 2.0 x 109K (RT-1200°C)
only, compared with the theoretica therma expansion
coefficient for dense Al,TiOs ceramics of 9.7 x 10°9/K.
The ATM1 exhibited the lowest value, between 0.5
x 10° and 2.0 x 109K, in the temperature range RT-
1200°C.
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Conclusions

The moderately good mechanica and therma behavior
of Al,TiOs was improved by the addition of mullite and
by using monodispersed amorphous (0.2-0.7 um, narrow
size distribution) powders produced by a sol-gel process.
The reaction of a-Al,Oz with amorphous-TiO, and -SIO,
to form Al,TiOs and mullite starts in the temperature
range of 1280-1300°C and 1450-1480°C, respectively.
Al,TiOs-mullite composites sintered at 1600°C showed
amoderately high mechanica strength and a low thermal
expansion coefficient of 0.5-2.0x 10°%K obtained by
inhibiting grain growth by the addition of mullite.

This increase in strength, attributed to the formation
of agrain-boundary liquid phase during sintering, aided
densification and, thus, reduced microcracking, thereby
increasing strength.
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