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The thermaomechanical properties of materials from the system ALO.-8i0,TiQ); (Tialite-Mullite) were investigated
by correlating the thermal expansion anisotropy, flexural strength and Young's medulus with grain size and struc-
tural microcracking during cooling. Microcracking temperatures were determined by measuring the hysteresis of
the thermal expansion anisotropy with dilatometry. Single phase Aluminium Titanate 15 a low strength material,
while composites with more than 10 vol% mullite as second phase enhance the Young's modulus, thermal ex-

pansion coefficient and room temperature strength.
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L. Introduction

In Al TiOs palyerystalline ceramics, the thermal ex-
pansion anisotropy of three erystallographic directions
causes grain boundary microcracking.” These microcracks
often result in negative thermal expansion coefficients ac-
companied by pronounced hysteresis.® Such anisotropy
creates complicate internal stresses during cooling from
the sintering temperature.” The magnitude of such
stresses is a direct function of the degree of anisotropic
thermal expansion, which is sufficient to exceed the in-
trinsic fracture strength of the material. This results in
severe microcracking at room temperature and con-
sequently the low mechanical strength and low Young's
modulus.®® The development of mierocracks alse accounts
for the low thermal expansion coefficients which are in
reality a bulk average value hased on the behaviour of in-
dividual grains. Thus the true thermal expansion coef-
ficient of aluminium titanate is near to 9.7 10°K": o.=
98x10° K", 0,=20.6x 10° K, o =-1.4x 10" K'.™®

Low thermal expansion coefficient, low Young's meo-
dulus, good thermal insulation, and excellent thermal
shock resistance are characteristics of aluminum &i-
tanate ceramics. Theses properties, if property adjusted,
allow for the insert-casting of ceramic portliners into the
cylinder head[alloy AlSi 12{Cu) or cast iron], where they
serve as a thermal insulation of the exhaust gas as a
means of improving thermal efficiency. It is alse under
serious consideration for use as exhaust mainfold inserts,
piston crowns and turbocharger liners*'" Additionally it
finds application in the non-ferrous metallurgical in-
dustries.™ Sucecessful application of the material has de-
pended on the ability te control the microcracking
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phenomena and use it to advantage, together with an a-
bility to understand the decomposition behaviour.

In this paper, the relation between grain size, grain
boundary microcracking temperature and ther-
momechanical properties in Aluminium Titanate-Mullite
{AT-M) ceramics has bheen investigated. AT-M com-
posites with a wide range of composition (up to T0% mul-
lite) were studied with the aim to enhance the ther-
momechanical properties of pure AlTiO,.

II. Experimental

Tetraethylorthosilicate Si(OC.H;), (Hils AG), Ethyl-
titanate Ti(OC.H,), (Hils AGR), o-AlLO, (A-16 AG 3G
mean particle diameter: 0.3-0.5 um: Alepa Chem.), and
Ethanol (Merck) were used as starting materials. ALTiO.-
Mullite powders were prepared by stepwise alkoxide hy-
drolysis of a meolar ratio [HOV[Si{OCIH),) of 80 and
(F,ONTUOCH,] of 4 in @-ALO, powder ethanalic solution.

Typical concentration of final solution were 0.4 mol Si
{OCH;),, 0.3 mol TI(OC.Hy),, 1.91 mol NH;, and 33.2 mel
H,0. The solution of coated powder was then centrifuged
to remove the alecholic solution, then washed with deion-
ized water and redispersed in agueous NILOH solution
(pH=10). Powder compacts were prepared by centrifugal
casting and dried at reom temperature for one day. The
average grain sizes from the fracture surface were
measured by the linear-intercept method™ using the
scanning electron microscope.

The thermal expansion hysteresis (RT-1500°C) was det-
ermined using a nonloading-type dilatometer. Both heat-
ing and cooling rates were 10°C/min in air. The specimen
size was 0x5x 25 mm. The thermal shock resistance of
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the specimens was determined hy a water quenching pro-
cess specified in the German industrial standard.®
Three specimens per composition were heated to 950°C
for 15 min in a muffle furnace and quenched with flow-
ing water at 20"C for 15 min. After drying at 110°C for 30
min., all specimens without spontaneously developed ma-
jor cracks were subjected to the measurement 29 of flex-
ural strength (7>7x70 mm) by using a universal-type
testing machine. The span length was 40 mm and the
cross head gpeed was 0.2 mm/min. The Young's modulus
was measured by the resonance frequency method.

1. Results and Discussion

Table 1 shows the phase composition and the physical
properties of the specimens sintered at 1600°C for 2 hrs.
The density of ATM-specimen increases with mullite con-
tent up to 20 vol% and then decreases. The ATM2, ATMS3,
ATMS5, and ATM7 compositions reached a density level of
between 88.0% and 99.9% of the theoretical density, con-
sisting of mainly two crystalline phases: stabilized alu-
minium titanate and mullite. The grain size of B-ALTiO;
in composites and the amouni of porosity in ATM-ma-
terials decreased with increasing mullite content. The ob-
served increase in the relative density and thermal ex-
pansion coefficient are listed in Table 2.

Micrographs of fracture surface of the specimens sint-
ered at 1600°C for 2 hrs are shown in Fig. 1.

The microgtructure of gingle phase aluminium titanate
consists of narrowly distributed ALTIO; grains in the
range of 0.5 pm. The microstructure is intergranular mi-
crocracked, as expected due to the presence of the highly
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anisotropic f-AlTiO; crystals.

Extensive grain boundary cracking is prevalent in
ATM1 materials with large grain sizes (50 pm), as
shown in Fig. 1(b). The existence of an extensive net-
work of these intergranular microcracks is verified by
many corollary property changes, e g. thermal expansion
behavior, the elastic modulus, and flexural strength. AT
specimens containing 10 vol% mullite exhibit rapidly
grain growth of the ALTiO; grains and leads to an en-
largement of hysteresis areas but reduced thermal ex-
pangion (Fig. 2). The materials (AT and ATM1) show low
thermal expansion at 900-1000°C, but asg the tem-
perature is raised the hysteresis increases markedly.
This is ascribed to the onset of mechanical healing of mi-
crocracks above 900°C on heating and their reopening or
refracturing on cooling being delayed until the tem-
perature reaches below 800°C. It is pronounced that
stresses in the microstructure of all composites build up
only below about 800°C.*

Specimens of ATM2 and ATM3 appear to have a mean
grain size of B-ALTIO; ranging from 5 pm to 20 pm. In-
terlinked fine-mullite particles at grain houndaries
would inhibits the grain growth of B-Al;TiO:;. The grain
size of aluminium titanate is decreased with increasing
mullite content and the grains are surrounded by mi-
crocracks, as shown in Fig. 1{c), (d).

The difference in the microcracking ternperature, such
as 800, 700, 700 and 550°C for the specimens ATMI,
ATM2, ATM3 and ATMS, respectively, was caused by the
difference in grain size of f-ALTiO; and mullite content.

The thermal expansion coefficients of ATM specimens
lies hetween 0.5 and 2.0x10° K* (RT-1200°C). This can

Table 1. Phase Compositions and Physical Properties of AT-ATM Specimens Sintered at 1600°C for 2 hrs

Materials Mullite content Pha§e_ Bulk deglsity Re]ativ'e density Porosity Shrinkage

vol% coinposition {g/em”) (%) (%) (%)

AT a AT+R+C 2.9 76.0 24.0 15D
ATM1 10 AT+Mullite+L 3.3 882 118 15.4
ATM2 20 AT+Mullite 3.5 3.3 6.7 21.3
ATM3 30 AT+Mullite 3.3 88.0 12.0 16.6
ATMA 50 AT+Mullite 34 92.2 7.0 16.7
ATMT 70 AT+Mullite 3.3 99.9 0 152

AT, B-ALTiOq, R; Rutile, C; Corundur, L; Ligquid phase, synthesized crystalline mullite vol%.

Table 2. Thermal Expansion Behavior and Median Grain Size of Aluminium Titanate-Mullite Composites, after Sintering at

1600°C for 2 hrs

. Thermal expansion eresis area Microcrackin, TAvera e grain size (AT

Materials CDEfﬁ?l%I}ﬁt gﬁ%ﬁ’mm‘” e (miu%] temperature ("gC) g galm) an
AT 1.8 {(L.GB)Y* 235 800 20
ATMI1 0.5 (0.50)* 580 800 40
ATM?2 1.6 (0.9)* 3045 700 15
ATM3 2.4 (1.8y* 345 700 15
ATMS5 2.3 2.00* 210 550 10
ATMT 70 (5.2 - 5
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(d) ATM3

Fig. 1. Scanning electron micrographs of fracture surface of alumininm titanate-milllite composites sintered at 1600°C for 2 hrs.
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Fig. 2. Thermal expansion curves of AT and ATMI.

be compared with a theoretical expansion coefficient for
gingle phase B-ALTiO; of 9.7 10° K.Y

It is the pronounced thermal expansion anigolropy of
the individual AL TiO; 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 in-
dividual crystallites expand at the lower temperatures,
thus the solid volume of sample expands to the smaller

(e) ATM5

() ATM7

gized micracracks, while the macroscopic dimensions re-
main almest 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 1200°C the slope is far helow the
theoretieal value, suggesting that a lot of fraction of the
microcracks is still open.

The thermal expansion curves of ATMZ and ATM3 de-
monstrated nearly the same hysteresis with internal rup-
ture or microcracking created during cooling (Fig. 3).
This is in good agreement with the data obtained from
estimations of the ALTi0O; grain size of 15 um (gee Table
1}; One can clearly recognize the distinet microeracks net-
work. The grain size of B-ALTiO; in the composites de-
creased with increasing mullite content. These materials
have lower positive expansion temperature during heat-
ing and lower microcracking temperature during cooling
of 500°C (ATMB) or not (ATMT), respectively (Fig. 4).
The microcracking existing in the material are respon-
gible for the low mechanical strength on the one hand
and, on the other hand, they give the material a kind of
quasi-elasticity.

Figure 5 shows the residual flexural sirength of speci-
mens having various compositions after water guenching.
Relatively high strength of 72 MPa was found in speci-
mens having 19 vol% mullite, even though this material
was still only 38.2% dense. However, it gives a sudden
decreage of strength after one quenching cycle, but had
moderate thermal shock resistance. Averape strengths of
the materials having 80, 70, and 50 vol% aluminium ti-
tanate ranged from 31 to 47 MPa at room temperature
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Fig. 3. Thermal expansion curves of ATM2 and ATM3.
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Fig. 4. Thermal expansian curves of ATMS and ATMY.

and 30-47 MPa after 12 water quenching cycles. The
strength values of ATM2 and ATM3 showed no distinet
influence on gquenching behaviour at 50°C and therefore
they had excéllent thermal shock resistance.

Ag shown in Fig, 6, the Young's modulus was measur-
ed as a function of quenching cycles hy the resonance
method. One having 10 vol% mullite has higher Young's
modulus of 50 GPa than the others, which whilst denser,
contained appreciable amounts of cracks in their grain
houndaries. Young's moduli of the ATM2- ATMS3- and
ATMb5-composites containing grain boundary microcracks
would be caused by the constants in the area of contact
across the sintered grain boundaries. The higher mi-
eracrack density also results in better resistance to the
critical thermal shock.”™ The porogity dependence of the

Fig, 5. Rezidural flexural strengths of ALTiOz;mullite com-
posites after thermal shock cycling.
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Fig. 6. Young's moduli of AlLTiOg-mullite composites after
thermal shock cycling.

strengths and Young's modulus were best described by
Duckworth's exponential approach,'”™ where the open
porosity had more effect on the modulus of elasticity
than the closed porosity (comparable to ATM1 and ATM2
or ATM3). The ATM2-, ATM3-, and ATMG-composites
show homogeneous microstructures with a defined mi-
crocrack system (see Fig. 1). This is grounds of the lower
Young's modulus and with them lower flexural strength,
but provided simultaneously excellent thermal shock
resistance.

The lowest thermal expansion coefficient of studied ma-
terials wag found at an Al TiOs;-content of 90 vol% (ATM1)
and lies between 0.5-2.0x10° K' in the temperature
range of RT-1200°C. Mullite additions of 10 vol% {(ATMIi}
improved the strenglh of reaction-sintered material to 72
MPa with a low thermal expansion coefficient of 0.5 10
K. This was attributed 1o the formation of a grain boun-
dary liquid phase during sintering which aided den-
sification and thus reduced microcracking, thereby in-
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creasing the atrength.
IV. Conclusions

The thermal expansion properties af the investigated
Aluminium Titanate-Mullite composites show the hys-
teris due to the strong anisolropy of ALTi0O. These
phenomena are explained by the opening and closing of
microcracks. With decreasing the average grain size of 15
um, the hysteresis area was decreased. The difference in
microcracking temperatures, e.g. 550, 700, and 800°C
were caused by the difference in grain size. Young's mo-
dulus and flexural strength were maximum at a mullite
content of 10 vol% but thermal shock resistance was
minium. The result can be attributed to a fewer grain
houndary microcracks acting as a stress absorber.
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