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Aluminum titanate (Al ,TiOs)-mullite composites with excellent thermal shock resistance were studied. Aluminum titanate with

a moderately high mechanical strength and a low thermal expansion coefficient was obtained by inhibiting grain growth by
the addition of mullite. The composites were fabricated from mono-dispersed powders, produced by the stepwise alkoxide
hydrolysis of tetraethylorthosilicate, Si(OGHs), and titanium tetraethoxide, Ti(OC,Hs),, in an Al,O; ethanolic colloidal
suspension. Several thermal durability tests were performed: annealing tests at the critical decomposition temperature, 1100°C,
for 100 h; cyclic thermal shock between 750° and 1400°C for 100 h; and water quenching from 950° to room temperature (RT).
Changes in the microstructure, thermal expansion coefficient, and strength were determined. The composites with 70-80 vol%
Al,TiO 5 showed the best thermal durability, exemplified by little change in their microstructure during the thermal durability
tests. The role of microcracks in thermal shock resistance, strength, Young’s modulus, sound velocity, and thermal expansion
coefficient is discussed here.
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Introduction The thermal stability of ATiOs can be improved by
the formation of solid solutions with MgO, &, or
Aluminum titanate (AITiOs) is well-known as an  TiO,, which are isomorphous with the mineral pseudo-
excellent thermal shock-resistant material, resulting brookite, such as EF&8Os [8], MgTi,Os [9, 10], or
from its unique combination of low thermal expansion TizOs(anosovite) [11]. This thermodynamic stabilizing
and low Young's modulus, which, in turn, allows for effect is related to a decrease in the decomposition
applications as an insulating material in engine compo- temperature of isostructural compounds. The compounds
nents such as portliners, piston bottoms, and turbochargerdigTi,Os and FegTiOs respectively decomposes to
[1]. However, ALTiOs materials have a relatively low  MgTiO3s+TiO, below 700C and FgOs+TiO, at 565C,
mechanical strength because of microcracks induced bywhereas AITiOs decompose into AD; and TiQ
the high anisotropy of the thermal expansion coefficients below 1300C [10-13]. Polycrystalline ATlOs can also
along the crystallographic axes [2, 3]. Unstabilized be stabilized by limiting its grain growth [12]. Another
Al,TiOs tends to decompose into 8k and TiQ at source of stabilization is the limitation of grain growth
temperatures ranging from 800° to 1300°C [4, 5]. The of Al,TiOs by the addition of additives such as $SiO
decomposition occurs when adjacent aluminum and [14], ZrO, [15], ZrTiO4[16, 17], or mullite [18], most
titanium octahedra collapse because the lattice siteof which do not form a solid solution with AliOs but
occupied by the aluminum is too large [6]. The thermal rather restrain the tendency of,Al0s toward decom-
energy available from this collapse permits the aluminum position. However, the additives of Si@nd ZrQ do
to migrate from its position and causes structural dis- not have a significant effect on the thermal stability of
solution to rutile and corundum [7]. Following decom- Al,TiOs, even after a long annealing test at 200€br
position, the material no longer exhibits either a low 100h [13]. On the other hand, the addition of mullite or
thermal expansion coefficient or favorable thermal ZrTiO, not only restrains the decomposition but also
shock behavior, rendering it apparently useless forincreases the thermal stability at 1%0Q18, 19].
industrial applications. The largest increase in strength occurred with the
synthesized AlOs powder, especially using ADs,
MgO or ZrQ additions. The increase of the mechanical
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distribution of fine particles at the grain boundaries | Ti(OC;Hs) s +C:HsOH ' ALO; +C;HsOH
would prevent grain growth and thus reduce micro- _I

cracking, thereby increasing the strength [7, 13].,SiO v v

additions improve the strength of reaction-sintered Mixing :0+ GHOH |

(with magnetic stirrer)

material to a limiting amount of 3%. This is attributed

to the formation of a grain boundary liquid phase during v
sintering [7]. Penat al [20] studied the properties of | Hydrolysis(Sol)
an aluminium titanate-mullite-ZeOmixture and obtained 60minutes, at room temperature
a strength of 30 MPa, which represents a 10-fold improve-
ment over their pure aluminium titanate material. Yano ¥ PP ——
et al [21] have reported a mechanical strength around| ~ @CHO: - GHOH I' | — ol
100 MPa for material containing 25 vol% mullite, which —
coincided with the point at which the decomposition v _ _
was completely controlled. Morishined al [22] reported Centrifugation > Alcohol solution I
a strength of 70 MPa for an aluminum titanate-mullite | Gelation I
composite material containing 91 vol% ,AiOs, but v
this material did not show strength retention. Wasking
Furthermore, thermal shock resistance is a property (with H,0 deionized) I
that is difficult to quantify, and as such is usually
expressed in terms of a number of empirical resistance v

parameters. These are dependent on the conditions Drying l

imposed, but one method that can be used is the v

examination of strength retention after quenching. For | Calcination '
high temperature applications, long-annealing thermal-—l
durability, cycle thermal stability and residual mechanical | v _

properties are very important if these materials are to| Pressing I
be used between 10@and 1308C. Attempts to improve
the thermal durability of AlliOs at temperatures ranging v

from 750° to 1400°C are still under investigation. L — I

T.herefore, in_ the present StUdy’ neyv thermal ,ShOCk' Fig. 1. Schematic diagram of the sol-gel process for preparing
resistant materials, based onWDs-mullite composites Al,TiOs-Mullite composites.

of various compositions, were fabricated by reducing
the particle size and adjusting the composition of Table 1. Chemical composition of the compacts (Wt%, PG50

Al 203T|028|Oz for 1 hr)
. . AT ATML ATM2 ATM3 ATM5
Experimental Mulite vol%* "9 19" 20 30 50
A0, 5692 5344 5767 6519 6339

Al,TiOs-mullite composites were synthesized by the

. . : .. TiO, 4272 4281 3550 2553 24.39
stepwise alkoxide hydrolysis of tetraethylorthosilicate, Si0, 002 344 667 856 1181
Si(OGHs), (98.9%), and titanium tetraethoxide, Ti(§P1z), sum 00.66 9969 99.84 9926 99.59

(98%), in an AJO; ethanolic colloidal suspension. o .o \occon 837 783 667 588 648
Dispersed powder was centrifuged to remove the

alcoholic solution, washed with deionized water and * Synthesized crystalline mullite vol% at 16@0for 2h.
redispersed in aqueous NMPH (NHz;, 25%, Merck)

solution (pH=10). Powder compacts were prepared by 30, and 50 vol% addition of mullite, respectively. Samples
centrifugal casting followed by drying at 100°C. Before were characterized by X-ray diffration (Philips, PW1180/
firing, the compacts were calcined in air at 600°C for 00, Ni-filtered Cukx) and scanning electron microscopy
1h to remove organic materials. Bar specimens (7 mm (Cambridge, Steroscan 250 MK2) after the surface had
x 7 mmx 50 mm or 5 mmx 5 mmx 25 mm) and pellet  been coated with vapor-deposited gold. Surface area
specimens (10 mm in diameter and 15 mm thick) were and particle sizes are determined by &tlsorption
made by pressing at 300 MPa, and sintered at°@600 (BET). The mean grain sizes of the sinteredTis

for 2 h in air, in an electric furnace. The preparation were measured by the linear-intercept method, with
route is shown schematically in Fig. 1. Compositions Fullman’s method [23].

containing 10, 20, 30, and 50vol% mullite were Some samples were pulled out of the furnace after
selected for the present study. The chemical compositionsintering and water quenched. After that, the relative
of each of the compacts is shown in Table 1, where AT, amounts of decomposed composition were calculated
ATM1, ATM2, ATM3, and ATMS5 refer to as 0, 10, 20, by quantitive X-ray measurements. As an internal standard
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sample, 50 wt% of MgO was added to each mixed interval of 100 h. Thirdly, the thermal shock resistance
powder. Then the following peaks were evaluated; of the material was determined by a water-quenching
MgO(220), AbTiO5(023), a-Al,03(104), and TiQ process analogous to the German industrial standard
rutile(101). According to the internal standard method, [24], by which three specimens of each composition
the following equation is used for calculating the content were heated to 950°C for 15 min. in a muffle furnace
of each phase in the mixtures, and quenched with flowing water at 20°C for 15 min.;
_ all of the specimens then were dried at 110°C for 30

Xa=ladlxpdpXd/(1-Xe) @ min., and those that withstood the thermal shock
where X is content of each phase in the sample (wt %),without spontaneously developing major cracks were
lax the reflection intensity of each phagedensity of subjected to the following tests, in the cold condition:
each phase, respectively. The following equations give (1) The residual three-point flexural strength of bar
the concentration of ADs;, TiO, and ALTIOs in mole specimens (7 mm7 mmx50mm) was measured
percent: using a universal testing machine (Instron, 1186), with
a span length of 40 mm and a crosshead speed of 0.2
mm minute®.

(2) The Young's modulus was measured by the
resonance-frequency method, as a function of the
The equations determine the amount of decompositionnumber of quenching cycles, using the bending-test
in Al,TiOs-mullite composites. specimens.

Several tests were conducted to evaluate the thermal (3) The microstructural degradation of cylindrical
durability of the ApTiOs-mullite composites. First, the  specimens (25 mm in diameter and 35 mm high) was
specimens were subjected to long-term thermal annealingmeasured by sound velocity, using a “Pundit” apparatus
at the critical decomposition temperature ofTAOs, (C.N.S. Instruments, Ltd., Germany).
1100°C, for 100 h. Secondly, a cyclic thermal shock (4) The thermal expansion coefficient from room
test, consisting of 23 cycles of 750°C-1400°C-750°C, temperature (RT) to 1200°C was determined for a 5
was conducted in a two-chamber furnace over anmmx5 mmx 25 mm specimen, in air, using a dilato-

Cai,05=! A1,050104)IMgo(220)
Crioy=! tioy01flmgo(20) 2
Caizmios=! Al Tios(023f IMgo(220)

(c) (d)

Fig. 2. Microstructure of sintered ATM-materials (a) ATM1, (b) ATM3, (c) ATM3 and (d) ATM5 at 38@06r 2 hrs (gray or 2: AT, dimro
1: mullite, bright: rutile, black: porosity).
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meter, at a heating rate of 5 Kminttend a cooling accounting for the observed increase in the thermal
rate of 10 Kminuté. Cyclic thermal expansion coeffi- expansion coefficient, discussed later.
cients were also measured, using a dilatometer at up to The changes caused in the phase compositions by the
1500°C, before and after the decomposition tests. decomposition test are given in Table 3. The unstabilized
material decomposed to corundum and rutile in both
cases, and partial decomposition was observed in the
ATM2, ATM3, and ATM5 composites after annealing
The amorphous Siroated AJO; powders (3AIOs- at 1100°C. The amount of decomposition ofTKDs
2Si0,) consisted of spherical particles with a narrow decreased with increased mullite content, so that the
particle-size distribution (0.5~0.6 um) and a high surface composition with 20-50 vol% mullite still retained ~80%
area (76 rfgY). The amorphous Ticoated AJO; of Al,TiOs. Such a phenomenon is plausible within the
powders (AJOs:TiO,=1:1) were smaller in size composed critical temperature range, between ~800 and 1300°C.
of various sizes and partially agglomerated, with a high The changes caused in the phase compositions by

Results and Discussion

surface area (1947i%). Agglomeration may have
been a result of the rapid reaction of Ti@Big), with
H,O. The sintered, ATM1 exhibited significarfi-
Al,TiOs grain growth, with grain sizes of 10~70 pum,

cyclic thermal shock illustrate a similar trend. Mullite

addition prevented AT materials from decomposing
during the cyclic thermal shock test. The better results
of the present cyclic test than those of the present

and a small amount of dispersed corundum and rutile.annealing test indicate a possibility of the reversible
On the other hand, the specimens, ATM2 and ATM3, formation of AbTiOs during testing at high temperature,

appeared to have a smaller mean grain sizg3-of  750°-1400°-75(C.

Al,TiOs (5~20 pm). Figure 2a clearly shows some of

The thermal expansion hysteresis of the formation of

the large grains contained closed pores, created durind3-Al,TiOs from corundum and rutile, caused by the
densification. The mean grain diameter of the ATM5 expansion anisotropy of the individy&Al,TiOs crystals,
was ~8 um; such a distribution of interlinked fine- exhibited a strong microstructural dependency. In other
mullite particles at the grain boundaries would prevent words, the thermal expansion anisotropy was directly

B-Al,TiOs grain growth. In all cases, the AlOsgrain
size decreased with increased mullite content and were
surrounded by microcracks, as shown in Fig. 2.

Table 2 summarizes the phase compositions an
physical properties of the materials sintered at 1600°C

related to the degree of microcracking and the grain

dTable 3. Phase composition of aluminum titanate-mullite com-
posites after various thermal treatments

for 2 h. The final materials consisted mainly of two Phase composition AT| ATML ATMP ATM3 ATM5
crystalline phases: AliOs and mullite. ATM1 consists | paT

of 90% ALTIOs and 10% mullite, and 10% of liquid ~2&o" decomposition 2 BAT | BAT | BAT | BAT
where acts as a driving force for the grain growth of R

Al,TiOs. The density of the ATM materials increased . B-AT | B-AT | B-AT
as the mullite content increased, reaching a maximumg?]?g;?ﬁs 'g? rl11tgz:t E E R M M
at 20 vol% of mullite, and then decreased with further for 100h) " B-AT | B-AT '\(": (F‘; (R;
increased mullite contents, indicating increased micro-

cracking with a porosity of 12% (Table 2). The low Decompositioncontentyr o | g50| 206/ 123 7.2
relative density of pure ATiOs (76.0%) is related to (%]

the grain growth of AlTiOs and higher porosity because Cyclic thermal shockl R R | B-AT | B-AT | B-AT
Al,TiOs has a lower theoretical density of 3.70 gtm  test (750-1400-75¢,| C C M M M
in comparison with an equimolar &y/TiO, mixture 23 cycles, for 100h) | B-AT | B-AT | C R R
(4.19 gcm®), accompanied by an about 11% molar Decompositioncontentys = | c10| 34| 120 71
volume increase [7]. As shown in Fig. 2, grain sizes of [ ' ' ' ' '

B-Al,TiOs decreased with increased mullite content, *Key: B-AT=B-Al,TiOs; M=Mullite; C=Corundum; R=Rutile

Table 2. The phase compositions and the physical properties of the material¥) 1602 hrs)

Materials Mullite content Phase Bulk de_nsity Relative density Porosity Average grain size
[vol%e] composition [gcm ] [%0] [%0] of AT [um]
AT 0 AT+R+C 2.9 76.0 24 20
ATM1 10 AT+Mullite+L 3.3 88.2 11.8 40
ATM2 20 AT+Mullite 35 93.3 6.87 18
ATM3 30 AT+Mullite 3.3 88.0 12. 15
ATM5 50 AT+Mullite 34 92.2 7.8 8

*Key: AT; B-Al,TiOs, R: Rutile, C: Corundum, L; Liquid phase
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T Table 4. Thermal expansion behavior and grain size of aluminum
= 04 titanate-mullite composites, after sintered at 2600r 2 hrs and
é durability tests
& % Thermal L\/I
4
= expansion |HysteresisMicrocracking Ar\\é?r:i?fe
T %9 ot i P Materials coefficient | Area | temperature] 9 (AT)
- LR E S oo 0 X a® o° Q200c-1500C [mm?] [*C]
fox v o [10°%°] )
g B NI, R
é oa] BNl SRS P . 1600C/2h
O o il e . @A
© ) Vel A e AT 1.8 (0.68)* 235 1000~800 20
06 0. Cooling . o o AT ATM1 | 05 (0.50)* | 580 800 40
”*o,oi JO»D —1— ATMS ATM2 1.6 (0.90)* 305 700 15
08 , © : ‘ ATM3 | 2.4 (1.80)* 345 650 15
0 400 800 1200 1600 ATM5 | 2.3 (2.00)* 210 550 5
Temperature |°C}
. . . 1100°C/100h
Fig. 3. Thermal expansion curves of the AT-and ATM-materials
(1600°C for 2 hrs.). AT 7.2 (6.15)* 267
ATM1 | 5.74 (3.40)* 133 850
. . . . ATM2 | 3.20 (2.25)* 205 650 8
size [25]. The thermal expansion and contraction behavior ( )*
. . o ATM3 | 3.54 (2.73) 215 550 10
of the AT and ATM materials fabricated at 1600°C for
. . . . ATM5 | 0.60 (2.50)* 1037 450 7
2 h is shown in Fig. 3. The thermal expansion of the
specimens was between -0.75% and 0.37% in the 750-1400-750C/23
temperature range 200°-1500°C. Maximum thermal AT 1.62 (0.58)* 236 800
expansion occurred between 1350 and 1500°C. The AT ATM1 | 1.72 (0.68)* 226 850
and ATM materials showed low thermal expansion up ATM2 | 1.49 (0.82)* 291 800 20
to 800°-900°C, but when the temperature was further ATM3 | 2.38 (1.91)*| 300 650 30
increased, the thermal hysteresis increased relatively. ATM5 | 3.33 (3.00)* 240 400 15

This result is ascribed to the onset of mechanical (O
closing of the microcracks with heating to >800°C and
their reopening occurs when cooling below 900°C. This grain size and mullite content. The average thermal
phenomenon of microcrack healing was reported previ- expansion coefficients of polycrystalline ATM materials
ously using acoustic emission by Whight [5]. Further- were between 0:80°K™ and 2.10°K™ (RT-1200
more the thermal contraction temperature difference, °C) only, compared with the average theoretical thermal
AT, as defined by Ohya Nagawa [3], between sintering expansion coefficient of the AliOs unit cell, 9.%10°
and crack onset temperatures, increased with an increasing™ [14]. The thermal expansion anisotropy of the
mullite content. The appreciably smaller expansion of individual Al TiOs grains apparently caused internal
ATM5 from onset temperature to room temperature is stresses on a microscopic scale during cooling from the
ascribed to the fact that the grain size of the specimenfiring temperature; those localized internal stresses were
was relatively small, approximatelyu®n with density the driving force for microcrack formation. During the
of 92.2% theoretical density. This low expansion below reheating run, the individual crystallites expanded at
crack onset temperature suggests that the crack tip wasow temperature; thus, the solid volume of the specimen
possibly blunted by the large amount of mullite. Further- expanded into the microcracks, whereas the macroscopic
more, this higheAT value can be understood in terms dimensions remained almost unchanged. As a result, the
of the limitation of the onset of microcracks by the material expanded very little. The microcracks closed
presence of mullite at the grain boundaries gfi&s. at higher temperatures. This result is closely related to
Consequently, the large grain size of,ADs have the relatively steeper thermal expansion curve in Fig. 3.
smallerAT values rather than dense specimens with a However, with further higher temperature, the slope
small grain size (see Table 2 and Fig. 3). (i.e. expansion coefficient) was far below the crystalline
Table 4 summarizes the effect of mullite content on average theoretical value, suggesting that a large pro-
the thermal expansion coefficient, the area of hysteresisportion of the microcracks were still open. The hysteresis
curves, the microcracking temperature, and the grainareas, which were integrated with a planimeter, showed
size after various heat treatments. The microcrackinga distinct maximum for ATM1 material, which an
temperatures were defined as a saddle point in eachaverage grain size of 4@m. These thermal expansion
thermal expansion curve during cooling in Fig. 3. curves are in good agreement with the results of
Differences in the microcracking temperatures, which Buesenet al. [11] and with the tendency of grain size
were 700, 650, and 550°C for specimens ATM2, ATM3, effect on the thermal expansion of MgJ§ reported
and ATM5, respectively, were caused by differences in by Kuzyk and Bradt [10]. On the other hand, fine-

: Thermal expansion coefficieobpc.1200c
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Fig. 4. Thermal expansion curves of the ATM-materials rafte
decomposition test (1180 for 100 hrs.).

grained materials exhibited small hysteresis areas.
Figure 4 illustrates the thermal expansion hysteresis
behavior of the ATM composites after the decomposi-
tion test at 1100°C for 100 h. The hysteresis behavior
of the AT composite could not be obtained because of
fracture during cooling due to severe decomposition
after the test. The thermal expansion coefficient of the
ATM composites after durability tests were between
2.5¢<10°K™* and 6.1%10° K™ (RT-1200°C) for the ATM
samples annealed at the critical decomposition temper-
ature of 1100°C, which are much higher than that of
the samples without annealing at 1100°C. The AT and
ATM1 samples have much higher mean expansion (b)
coefficients of 6.1810°K™ and 3.410°K™ (RT- Fig. 6. Microstructure of (a) ATM2 (dim: mullite, gray: AT, bright:
1200°C), respectively, which are due to the decompositionrutile) after a decomposition test at 13%0Gor 100 hrs and (b)
of the AT phase. ATM2 (1: AT, 2: mullite) after a cyclic thermal shock test, 750-

Figure 5 shows the thermal expansion characteristics1400-750C for 23 cycles.

of the ATM composites after the cyclic thermal shock

test, which show a mean thermal expansion coefficient test (Fig. 3), clearly indicating the influences of decom-

between 0.6810° K™ and 3.0x10°K™ at RT-1200°C.  position of the AITiOs into its component oxides after

Moreover, little change in thermal hysteresis behavior the test. This result is in good agreement with the

during the heating and cooling cycles was found. Thesedecomposition results in Table 3. On the other hand

materials have slightly smaller hysteresis areas and asevere decomposition occurred for AT materials.

higher thermal expansion than those before the cyclic Figure 6 shows that tH&Al,TiOs grain sizes of the
ATM2 and ATM3 (Fig. 6a) appeared to be smaller (10

— e A um) after the decomposition test at 1XD@or 100 h.

T o4 ATMI AKX .

= M| e ATMV2 . aava Although there were ADs; TiO, present as a decom-
g BN Heating> «* 400 position product around the AiOs grains, the thermal

5::,_ 02+ E - ¢ shock behavior under cyclic conditions between 750°
2 and 1400°C showed little change in the microstructure

0.0- (Fig. 6b). The changes of grain size after various

thermal durability tests are shown in Table 4.
) Figure 7 shows the average residual flexural strengths
-~ «Cooling of the ATM specimens after water quenching. A relatively
high strength, 72 MPa, was found in the ATM1 composite,
although this material was still at only 88.2% of
0 400 $00 1200 1600 relative density. This result may be attributed to the
Temperature ['C| formation of a liquid phase in the grain-boundaries
Fig. 5. Thermal expansion curves of the ATM-materialsrafte around A$TiOs grains (see Fig. 2). However, the
cyclic thermal shock test (750-1400-76(23 cyles). strength decreased sharply after one quenching cycle.

Contraction | %]
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Fig. 7. Residural flexural strength of AliOs-mullite composites Fig. 9. Sound velocity of AlTiOs-mullite composites with thermal
with thermal shock in the water quench. shock in the water quench.

The average strengths of ATM2, ATM3, and ATM5 by the constant area of contact across the sintered grain
materials were ranged from 31 to 47 MPa at room boundaries.
temperature and from 30 to 47 MPa after 12 water- Figure 9 shows the dependence of absolute sound-
guenching cycles, indicating little change in strength. velocity on the number of quenching cycles. It is
The strength values of ATM2 and ATM3 after quenching postulated that the decreased velocity of sound in the
showed no distinct influence of temperature at 950°C, ATM1 composites after one quenching cycle is related
indicating that the composites had excellent thermal to microstructural degradation. The value of the velocity
shock resistance. Perhaps the most significant aspect obf sound is also dependent on the amount of micro-
the strength data is that, although the large grainedcracking and the microcrack density. Higher micro-
materials have a dramatically lower strength of 26.0 crack densities also have a positive effect on resistance
MPa after one or two quenching cycles, the fine- to damage by critical thermal shock [26]. The porosity
grained materials exhibit respectable residual strengthsdependence of the strength and Young's modulus are
and no crack extension. best described by Duckworth’s exponential approach
As shown in Fig. 8, Young’s modulus was measured, [26], where the open porosity has more effect on the
as a function of the number of quenchings, by the modulus of elasticity than does the closed porosity
resonance method. The ATM1 material had a higher (comparable to ATM1 and ATM2 or ATM3). The
Young’s modulus, 50 GPa, than did the other specimens,ATM2, ATM3, and ATM5 composites showed especially
which, although denser, contained appreciable amountshomogeneous microstructures, with a defined micro-
of cracks on their grain boundaries. The Young's modulus crack system (Fig. 2). This result is grounds for the
values of the ATM2, ATM3, and ATM5 composites lower Young’'s modulus and lower flexural strength, but
containing grain-boundary microcracks were influenced simultaneously provides excellent thermal shock resis-

tance.
50 Table 5 shows the effect of mullite contents on
ATV Young's modulus, thermal expansion coefficient, flexural
< w0 o ATMS strength, and the thermal-stress-resistance fa&gr (
E - img R;). Among the thermal expansion coefficients of the
Z M
< el n
2 30 s T —— . m Table 5. Characteristics of specimens of aluminum titanate-
.§ mullite composites, after heat treatment at 2600r 2 hrs
P 2”'! Flexural Young's Thermal expan-
g Aoy A A A A A A A A . strength modulus sion coefficient R; R,
b LTI TUT Materials g, E  Gopcroge (K] [Wm
[MPa] [GPa]  [10°K™
0 AT 20 13 0.68 1670 2505
0 5 10 15 20 ATM1 72 50 0.50 2189 3283
The nummber of quenching cycles ATM2 31 11 0.90 2379 3568
ATM3 45 16 1.80 1187 1780

Fig. 8. Youngs modulus of ATiOs-mullite composites with
thermal shock in the water quench. ATM5 47 17 2.00 1050 1575
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composites fabricated in the present study, the ATM decreased by mullite additions (20~50 vol%). The
materials exhibited the lowest value, betweenD0% thermal expansion properties of the,ADs-mullite
K?'and 2.610°K™, in the temperature range RT- composites investigated showed several effects not
1200°C. SiQadditions (3.44 wt%) improved the strength, encountered with dense ceramics-e.g., the hysteresis
72 MPa, with a low thermal expansion coefficient, 0.5 effects of the thermal contraction and expansion curves
x10° K™, This increase in strength, attributed to the under thermal load. These phenomena were analyzed
formation of a grain-boundary liquid phase during according to their relationship with the opening and
sintering, aided densification and, thus, reduced micro- closing of microcracks. The highest thermal durability
cracking, thereby increasing strength. The result is in the present study was achieved for the compositions
shown in Table 5, with the higher calculated values. containing 70 and 80 vol% AiOs, which showed
The theoretical thermal shock resistance is calculatedlittle change in microstructure and thermal expansion

from the thermal stress paramet&sandR, (pertain-
ing to severe and mild quenching, respectively). Thus,

Ri=[0p(1-LV)]/aE 3)
R=RiAXA (4)
whereR; andR, are the material constants, which can

be described as a material resistance factor for thermal

stressesgy, the flexural strengthiE Young's modulus;
the thermal expansion coefficiens; Poisson’s ratio;
and A the thermal conductivity, with the latter two
values assumed to be constamt@.24,A=1.5 WmK™)

in this study [25, 28]. Once the material's resistance to

crack initiation has been exceeded, its resistance to
damage (from crack propagation) becomes the decisive

element of the thermal cycling behavior; that resistance
is described by the thermal stress paramBd29].

Rr=YerE/[ O (1-0V)] (5)

Here, vt is the specific fracture-surface energy [30].
The above discussion of the dependencenpfE, and
v on the mineral-phase content indicates that the

resistance to damage described by Eqg. (5) is not uniquely
dependent in the same sense. The fracture-surface?2.

energy (not investigated in the present study) should
have been determined primarily on the basis of the

microcracks, depending on the type and extent of second
phase, as indicated by the temperature dependence of ~

stress-induced transformation and other results [31].
The last remaining materials (ATM2, ATM3, and ATM5

in Figs. 3 and 4) suffered no measurable damage.
Considering the material's 6.7-12.0 vol% porosity and
microcracks, that result can be attributed to very high

damage resistance. This conclusion was deduced from ~

the low Young's modulus, low strength, and low thermal
expansion coefficient (:@0°K™ to 2.0x10°K™) of

the ALTiOs-mullite composites, caused by the presence
of microcracks.

Conclusions

The thermal durability of AiOs was improved by
the addition of mullite and by using monodispersed
amorphous (0.2~0.7 um, narrow size distribution) powders
produced by the sol-gel process. The grain size of
Al,TiOs (5~20 um) fired at 1600°C for 2 h was markedly

cycles during the tests. The Young's modulus and
flexural strength were highest at a mullite content of 10
vol%, but those maximum values were accompanied by
lower thermal shock resistance, a result attributed to
fewer grain-boundary microcracks acting as stress
absorbers. When the mullite content increased to >10
vol%, the Young's modulus, thermal expansion coefficient,
and RT strength also increased. Specimens with 80, 70,
and 50vol% AJTiIOs had excellent thermal shock
resistance because of the presence of fine microcracks.

Acknowledgements

This work was supported by Frontier 21C, Carbon
Dioxide Reduction & Sequestration R&D Center,
Korea Institute of Energy Research

References

1. H. Heinrich, M. Langer, and J.E. Siebels, “Experimental

results with ceramic components in passenger-car diesel

engines” (VMolkswagen AG Research Division D-3180

Wolfsburg, Germany, 1990).

Morosin and R.W. Lynch, Acta Cryst. B28 (1972) 1040-

1046.

3. Y. Ohya and Z. Nakagawa, J. Am. Ceram. Soc. 70[8]
(1987) C184-186.

4. E. Kato, K. Daimon, and I. Takahashi, J. Am. Ceram. Soc.

63 (1980) 355-356.

R.E. Wright, J. Am. Ceram. Soc. 5[5] 54-56 (1972).

S.A. Babayan, L.A. Kostanyan, and J.A. Geodakyan, Arm.

Khim. Zh. 26 (1973) 549-554.

H.AJ. Thomas and R. Sterens, Br. Ceram. Trans. J. 88

(1989) 144-151.

8. Ch. Han and D. Selb, Sprechsaal 118[12] (1985) 1157-

1166.

V. Buscaglia and P. Nanni, J. Am. Ceram. Soc. 81[10]

(1998) 2645-2653.

J.K. Kuszyk and R.G. Bradt, J. Am. Ceram. Soc. 56[8]

(1973) 420-423.

W.R. Buessem, N.R. Thielke, and R.V. Sarakauskas,

Ceram. Age 60 (1952) 38-40.

H.J. Pohlmann, K. Schricker, and K.H. Scheuller, Ber. Dt.

Keram. Gas. 52[6] (1975) 179-183.

V. Buscaglia, M. Alvazzi Delfrate, M. Leoni, C. Bottino,

and P. Nanni, Jornal of Materials Science 31 (1996) 1715-

1724.

I.J. Kim and H.S. Kwak, Canadian Metallugical Quarterly

39[4] (2000) 387-395.

5.
6.

7.

9.

10.

11.

12.

13.

14.



Thermal durability of aluminum titanate-mullite composites with high thermal shock resistance 79

15.
16.

17.
18.

19.
20.
21.
22.

23.
22.

S. Pratapa, I.M. Low, and B.H. O’connor, Journal of fuer fenerfeste Steine, 1980).

Materials Science 33 (1998) 3037-3045. 24. Y. Ohya and Z. Nakagawa, J. Am. Ceram. Soc. 70[8]
1.J. Kim, K.S. Lee, and G. CaO, Latiamerican Journal of (1987) C184-186.

Metallurgy and Materials 20[2] (2000) 59-67. 25. D.P.H. Hasselmann, J. Am. Ceram. Soc. 52 (1969) 600-
Fred J. Parke, J. Am. Ceram. Soc. 73[4] (1990) 929-932. 604.

Ik Jin Kim., Dissertation, Institut fuer Gesteinsh uettenkunde, 26. W. Duckworth, Discussion of Ryshkewitch paper, J. Am.
Techn. University Aachen, Germany (1991). Ceram. Soc. 36 (1953) 68-72.

Ik Jin Kim and Gouzhong Cao, Journal of the European 27. D. Munz and T. Fett, Mechanisches Verhalten keramischer
Ceramic Society 22 (2002) 2627-2632. Werkstoffe, Werkstoff-Forschung und-technik, Herausgegeben
P. Pena, S. De Aza, and Moya, J. Mars. Sci. Letters 6  von B. lischer Band 8 Springer-Veriag (1989).

(1988) 389-395. 28. D.P.H. Hasselman, J. Am. Ceram. Soc. 46 (1963) 535-540.
T. Yano, N. Nagai, M. Kiyohara, K. Saito, and N. Otsuka, 29. D.P.H. Hasselman, Ber. Dt. Keram. Ges. 54 (1977) 195-
Journal of Ceram. Soc. Japan 94 (1986) 44-50. 200.

H. Morishima, Z. Kato, K. Saito, T. Yano, and N. Ootsuka, 30. R.W. Rice, Microstructure dependence of mechanical
J. Mater. Sci. Letters 6 (1987) 389-390. behavior of ceramics in: Treatise on materials science and
R.L. Fullman, Trans AIME 197[447] (1953). technology, Vol. 11: Properties and microstructure. Hrsg.
DIN 51068 (Teil 1: Bestimmung des widerstandes gegen R. K. MacCrone, Acad. Pr., New York, 199 (1977).

schroffen  Temperatur-wechs el-Wasserscheckverfahren



