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ABSTRACT

Aluminium titanate(Al,TiOs) with an excellent thermal shock resistant and a
low the expansion coefficient was obtained by solid solution with MgO, SiO,, and
ZrO; in the ALTiOs lattice or in the grain boundary solution through
electrofusion in an arc furnace. However, these materials have low mechanical
strength due to the presence of microcracks developed by a large difference in
thermal expansion coefficients along crystallographic axes. Pure ALTiOs
tends to decompose into a -ALO; and TiO,-rutile in the temperature range of
750-1300TC that rendered it apparently useless for industrial applications.
Several thermal shock tests were performed: Long term thermal annealing test
at 1100 for 100h ; Cyclic thermal shock in a two chamber furnace between
750 and 1400°C for 100h; and water quenching from 950 to room temperature
(RT). Cyclic thermal expansion coefficients up to 1500 before and after
decompeosition tests was also measured using a dilatometer. Changes in the
microstructure, thermal expansion coefficients, Young’s modulus and strengths

were determined. The role of microcracks in relation to thermal shock resistance
and thermal expansion coefficient is discussed.

INTRODUCTION

Aluminium titanate (ALTiOs) is well-known as an excellent thermal shock-
resistant material, because of its low thermal expansion, low thermal
conductivity and low Young' s modulus. These properties allow for its testing as
an insulating material in engines, for portliners, piston bottoms, and
turbochargers." However, ALTiOs materials have low mechanical strength
because of microcracks induced by the high anisotropy of the thermal expansion
coefficient along the crystallographic axes.”” Unstabilized ALTiOs tends to
decompose into a -AlLQO; and TiO; in the temperature range of 800 - 1300TC.%°
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The decomposition occurs when adjacent aluminium and titanium octahedra
collapse because the lattice site occupied by the aluminium is too large.’ The
available thermal energy permits the aluminium to migrate from its position,
and results in a structural dissolution to rutile and corundum.’ Following the
decomposition, the material neither exhibits a low thermal expansion coefficient
nor favorable thermal shock behavior, that rendered it apparently useless for
industrial applications.

The thermal instability of AL TiOs can be recovered from solid solution with
MgO, Fe;0;, or Cr;0; in the ALTiOs lattice, which are isomorphous with the
mineral Peseudobrookite, such as (Fe,TiOs), MgTi;0s, or (Al,Cr),TiOs. AL TiOs
can be also kinetic stabilized by limitation of grain growth. Another source of
stabilization is the formation of microcracks by the addition of additives such as
Si0;, Zr0,, a-AlL O3, or mullite, most of which do not form solid solution with
ALTiOs but rather restrain the tendency of AL, TiOs towards decomposition.8

Stabilized AL, TiOs components in engines normally are surrounded with liquid
aluminium or cast iron, and the combination of ceramic and metal materials
requires a very good constructive adaptation of the two eclements. During
solidification of the metal melt, very high stresses act on the ceramic, because of
the significantly higher thermal expansion of the metals. Therefore, a certain
elasticity is necessary in order to avoid damage to the ceramic parts when they
are surrounded by metals. The anisotropy of the elasticity and the thermal
expansion coefficient between the ceramic and the metal cause microcracks in
ALTiOs ceramics; in turn, the cracks act as a stress absorber, in which the open
crack flanks are closed during solidification of the molten metal.’

In the present study, the solid solution of ALTiOs were synthesized by
substitution AF* or Ti*' ion by Mg>, Zr*" and Si*" ions. The relation between
microstructure, thermal expansion coefficient and thermal shock resistance after
sintered various temperature was discussed.

- EXPERIMENTAL

The powders were prepared though electrofusion in an arc furnace. Table 1 lists
the chemical compesition of powders. ATG 1 and 2 were unstabilized AL TiOs
whereas ATG 3 and ATG 4 were stabilized during the fusion process though
addition of MgO. The later two compositions both centain small amounts of ZrO,
but differ in their SiQ; content. All powders in the as received condition were
milled and separated and below 4/m in grain size with an average particle size of
2.5m. The specific surface area(BET) of all materials were 2.3m2/g. Tests samples
of various sizes were prepared by die pressing under following conditions: 3%
Zusoplast 126/3 as plastifer, 5% optapix PAF 35 as binder, 5% H,0, granulated by
sieve granulation and cold pressed at 100 N/mm?® The firing was carried out
following conditions; '
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Table L. Chemical Composition of ATG* Composites (wt.%)

ATG: Powder of dynamic nobel chemicals,.D-SZIO troisdorf.

- Room temperature~500T: 100T/h
-5007T: 2h, soaking time

- 500 C ~to max. temp. (1500T/2h): 30°C/h
- Sintering temperature~600T: 600 TC/h

- 600 C ~room temperature

The thermal shock resistance of the subject materials were determined accordin%
to a water quenching process by way of analogy to a German industrial standard.”
Three specimens per materials were heated to 950 C for 15 min in a muffle
furnace and quenched with flowing water to 20C for 15 min. After drying at
110T for 30 min, all specimens that withstood the thermal shock without
spontaneously developing major cracks were subjected to the following tests in the
cold condition: The 3-point-bending of specimens (7x7x70mn) at room temperature
was measured by universal-type testing machine. The span length was 40mm and
the cross head speed was 0.2mm/min. The high temperature bending strength
measurements in air used a special sample holder giving slightly lower strength
values due to frictional effects. The adiabatic young's modulus was measured by
the resonance frequency method as a function of the number of quenching cycles,
using bending specimens. The thermal expansion was determined on
specimens(25x5xSmm), heating and cooling rate 5°C/min in air by dilatometer. In

order to evaluate the thermal durability of the various composition, the following
tests were carried out;

1) Cyclic thermal shock in a two chamber furnace between 750-1400-750C. The
total number of cycles was 23 with a cyclic interval of 100hrs,

2) Long term thermal annealing test at 1100°C for 100hrs.
3) Cyclic thermal expansion coefficients up to 1500C before and after
decomposition tests was also measured using a dilatometer.

The thermal shock resistance was theoretical calculated by the thermal stress
parameters R; and R, .
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Where R; and R; are a material constant that can be described as a material
resistance factor for thermal stresses, 0 4, is the flexural strength, E is Young' s
modulus, a is the thermal expansion coefficient, v is Poission's ratio, and
A is the thermal conductivity, which is assumed to be constant (v =024, A =
1.5 W/mK) in this study ."

RESULTS/DISCUSSION

The physical properties of the sintered specimens at 1500°C for 2hrs are given in
table IL The physical properties can be adjusted over in a wide range: apparent
density 3.61~3.68g/cm’, thermal expansion coefficient(TEC, RT-1000T) 1.3~3.0
x 10°K™*! and bending strength 25~49MPa. The relative density of pure Al,TiOs
(ATG1) was only 92.1% of theoretical. Because the densities of the starting oxides
a -Al,O; and TiOy(rutile) are 3.99 and 4.25 g/cm’, respectively. Therefore, the
formation of peseudobrookite type P -ALTiOs with a theoretical density of
3.70g/cm’ is accompanied by an about 11% molar volume increase. Relatively
high temperature strength of 98.0MPa at 1100TC was found in ATG3 having
7.90wt% of SiO,. This result can be attributed to the formation of grain boundary
liquid phase and progressive fine grain microcrack-healing of all materials with
increasing temperature has also its good effect on bending strength.
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Table IT Physical Data of the Sintered Specimens

2.16 2.11 2.15
3.43 3.44 3.49
3.68 3.61 3.67
93.2 953 | 951

3.98 3.7 4.7
6.8 4.7 4.9
15.4 15.0 15.1
3.0 23 1.3

0.35 028 | 0.22
25.0 | 50.0 29.0

280 | 60.0 | 580
43.0 | 980 | 90.0
380 | 500 | 480

Pure AL, TiOs, i. e. ATG1 and ATG2 exhibits a inhomogeneous broad grain size of
B -ALTiOs between about 5~10um and 5~20/m with a small amount of dispersed
corundum phase, respectively, in Fig.l. Intergranular cracks were noticed,
preferentlally between larger grain, as a consequence of the known anisotropy of
B - ALTiOs." The interparticle bonding of ATG1 and ATG2 is apparently loose
due to the presence of microcracks created in the cooling step and poor
sinterability of pure ALTiOs. In all cases, the tialite grains sizes are surrounded
by grain boundary microcracks. According to the dilatometric measurements up to
1000T the total linear expansion of ATG materials did not exceed the value of
0.35%. This is in good agreement with the data obtained in the investigation of
expansion. These low expansion values during heating could be ascribed to the
process of recombination of grain boundaries, i. e. microcracks, created during
previous cooling phases of sintering, closing. When compared with microstructure
of ATG1 and ATG2, the stabilized specimens ATG3 and ATG4 appear to have a
smaller mean grain size § - ALTiOs having grain spheroidization and neck
formation between particles of 8 - AL, TiOs. It was more pronounced in samples
(ATG3) with a higher SiO; content in Fig.1.

N i

The thermal shock behavior under cyclic conditions between 750-1400C shows
no change in microstructure and phase assemblage for all three specimens in Fig.3.
After the thermal durability test at 1100TC for 100 hrs, ATG2 materials
decompose completely to its components corundum and rutile. However,
approximately 20% of the aluminium titanate in ATG3 and ATGH is still retained
in the undercomposed state. Thus in order to prevent decomposition of the

183



stabilized material the critical temperature range between about 800-1300C must
be traversed within a short period of time. The change in the phase compositions
due to cyclic thermal shock and thermal loading tests are given in Table HI.

20 kV x1.%8k' '3

Fig. 1. Microstructure of sintered ATG-1, 2,3 and 4 at 1450C for 2hrs.
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Fig. 2. Microstructurc of sintered ATG-2, 3 and 4 after decomposition test at
1100T for 100hrs(a) and cyclic thermal shock between 750-1400-750 C (b)
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Table I Phase ComPosition of ATG Composites after Various Thermal
Treatments."

| e 1
MA-Spinel | MA-Spinel
m-Zl’Oz m-Zl'Oz

B-AT B-AT B-AT B-AT
a-ALOs a-ALO;
Mullite MA-Spinel
m-ZrQ, m-ZrO,

B-AT B-AT B-AT B-AT
a—AhO; (l—Ales a-A1203 a-A1203
Rutile Ratile Mullite MA-Spinel
m-Zl‘Oz m-Zl’Oz
a-AlLO; a-AlLO; B-AT B-AT
Rutile Rutile a-ALO; a-ALO;
Rutile Rutile

MA-Spinel | MA-Spinel
Mullite m-Zr0;
m-Zl‘Oz

The maximum thermal expansion of the materials studied occurs between 1100
and 1300C. The thermal expansion coefficient of ATG2, ATG3 and ATG4 lies
between 0.35 and 3.0 X 10°K™” in the temperature range 100~1000C. This can be
compared with a tlieoretical expansion coefficient for single phase B - ALTiOs of
9.7x 10°K”, It is the pronounced thermal expansion anisotropy of the individual
ALTiOs grains that gives rise to internal stresses on a microscopic scale during
cooling from the firing temperature. These localized internal stresses are the
driving force for microcrack formation. During reheating run, the individual
crystallites expand at the lower temperatures, thus the solid volume of sample
expands to the smaller sized microeracks, while the macroscopic dimensions
remain almost constant. As a result, the material expands very little. The higher
the temperature, the more cracks are closed, the steeper the thermal expansion
curve. However, even at 1200T the slope is far below the theoretical value,
suggesting that a lot of fraction of the microcracks is still open.

The thermal expansion curves of ATG2, ATG3 and ATG4 demonstrated nearly the
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same hysteresis with internal rupture or microcracking created during
cooling(Fig.3.). The microcracking existing in the material are responsible for the
low mechanical strength on the one hand and on the other hand they give the
material a kind of quasi-elasticity. The difference in the microcracking
temperature, such as 587.6, 405.0 and 519.7C, for the specimens ATG2, ATG3
and ATG4 respectively, were caused by the difference in grain size of B - ALTiOs
and addition content.
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Fig.3 Thermal expansion curves of sintered ATG-2, 3 and 4 at 1500 C for 2hrs.
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Fig. 4 Thermal expansion curves of ATG-2, 3 and 4 after cyclic thermal shock
test between 750-1400-750 T
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Fig. 5. Thermal expansion curves of ATG2, 3 and 4 after decomposition test at
1100T for 100hrs.

The thermal expansion of ATG materials after cyclic test in 23 cycles give a slight
smaller hysteresis area and higher thermal expansion in Fig. 4. It can be clearly
indicated the onset of decomposition of ALTiOs into it component oxides (see table
III) in Fig. 5 demonstrates another thermal expansion behavior of ATG materials
after decomposition test at 1100TC for 100 hrs. This result can be also attributed to
decomposition into a -Al;O; and TiO(rutile).

Table IV shows the effect of sintering temperature on the dencification, the
thermal expansion behavior and the grain size of AL TiOs. The coefficients of
ATG3 were between 0.83 x10° and 4.71x10°*/K(RT-1500C) only, compared with

Ehe theoretical thermal expansion coefficient for dense Al,TiOs ceramics, 9.7x10°
/K. '
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Table IV The Densification, the Thermal Expansion Behavior and the Grain Size
of ATG Ceramics, after Sintered Various Temperature

0

1450C 94.80 | 3~15um 0.40 3.00 580.7

1500T 94.42 5~15um 0.40 245 587.6

1550C 9378 | 5~17um 0.26 1.18 619.10

1400 92.43 2~7um 0.80 4.71 0

1450TC 9530 2~Tum 0.50 3.28 402.1

1500T 92.40 10pum 0.50 235 405.0

1550°C 92.86 |10~20pm| 030 0.83 467.0

1400T 94.95 2~5pm 0.51 4.02 480.8

1450T 95.10 2~5um 0.41 2.56 497.4

1500 T 94.85 5~10um 0.41 2.79 519.7

1550TC 9210 | 10~15um 0.40 1.22 611.3

As shown in figure 6, the Young’s modulus was measured as a function of
quenching number by the resonance method. ATG3 having 7.90% SiO, has
relatively higher Young’s modulus of 34 KN/mm? than the others. However, it gives
sudden decrease of Young’s modulus after one quenching cycle, but had moderate
thermal shock resistance. According to basic finding, higher microcrack densities
and porosity of 4.7 ~6.8% in ATG materials also have positive effects on resistance
to damage due to critical thermal shock. These can be attributed to grain
boundary microcracks as a stress absorber.'2

Table V shown the effect of MgO, SiO; and ZrO; contents on the Young' s
modulus, thermal expansion coefficient, flexural strength and the thermal-stress-
resistance factor(R;, R;). SiOQ, additions of 7.90wt% did improve the strength of
ATGS3 to 50.0 MPa with a low thermal expansion coefficient of 1.0 x 10°K. This
was attributed to the formation of a grain boundary liquid phase during
sintering which aided dencification and thus reduce microcracking, thereby
increasing the strength. This result was presented with the higher calculated
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value of R;(1029) and Rz(1544). This conclusion was reached from the low
Young’s modulus, low strength and low thermal expansion coefficient (1.0~ 1.5 x
10° K) of ATG composites caused by presence of microfissures.
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Fig. 6 Young’s modulus of ATG materials with thermal shock in the water qench

Table V  Characteristics of Speimens of ATG Composites after heat Treatment
at 1500C for 2 hrs.
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CONCLUSIONS

The thermal instability of Al,TiOs ceramics was controlled by solid solution with
MgO, SiO,, and ZrO, through electrofusion in an arc furnace. The thermal
expansion properties of ALTiOs composites show the hysteresis due to the strong
anisotropy of the crystal axes of these material. These phenomena are explained by
the opening and closing of microcracks. The difference in microcracking
temperatures, e. g. S87.6(ATG2), 405.9(ATG3) and 519.7 C(ATG4) is caused by the
difference in grain size and stabilizer type. The thermal shock behavior under
cyclic conditions between 750-1400-750C show no change in microstructure and
phase assemblage for all three stabilized specimens. After the thermal loading test
at 1100T for 100hrs, ATG1 and ATG2 materials decomposes completely to its
components corundum and rutile in both cases.
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