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S UMMA RY 

The crack p ropaga t ion behavio ur of  alum in ium t itana te ceramics con taining 
grain boundary microcracks has been investigated. The mean grain size o f  
the aluminium titanate was 0"6 pm at 1300°C and 2"3 ~m at 1500°C. 
Specimens sintered at 1450 and 1500°C contained grain boundary 
microcracks, while the specimen sintered at 1300°C had few cracks. Grain 
boundary microcracks decreased the bend strength and Young's modulus of  
the specimens. A t the propagation of  a crack, the microcracks deflected and 
caused branching of  the crack, and blunted the crack tip; consequently, work 
o f fracture of  the specimen increased to more than twice the original value 
and crack propagation velocity decreased to 1/2000 of  that in a m icrocrack- 
free aluminium titanate ceramic. 

1. I N T R O D U C T I O N  

Aluminium titanate ceramics are well known as low thermal expansion 
materials but have the disadvantage of low mechanical strength. 1'2 These 
two characteristics are due to grain boundary microcracks caused by a 
marked anisotropy of the thermal expansion of the aluminium titanate 
crystal. 1'3 In order to improve the mechanical strength, it is widely 
appreciated that a decrease in the size of cracks at the grain boundaries 
is necessary. In single-phase non-cubic polycrystalline ceramics, grain 
boundary microcracking occurs during the cooling period after 
sintering, under a set of conditions which is determined by their 
microstructure, thermal expansion anisotropy, fracture surface energy, 
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elastic moduli, and the difference between their sintering temperatures and 
room temperature. 4- 6 

As aluminium titanate has a high thermal expansion anisotropy, in order 
to reduce the grain boundary microcracking, its grain size must be decreased 
markedly. Cleveland and Bradt 6 estimated that the 'transition grain size' for 
microcracking in aluminium titanate ceramics was 1-2 pm. One of the 
results of our study on the improvement of the mechanical strength of the 
aluminium titanate ceramics ~- ao showed that the transition grain size is 
2.5/~m, s and that the bend strength of the sintered specimens increased 
suddenly as the grain size became smaller than this value. 

Recently, several methods of toughening ceramic materials have been 
investigated; microcrack toughening 11 - 1 3 is one of these. Many researchers 
use K~c and the work of fracture to evaluate the toughness of the ceramic 
materials. In addition to these, the crack propagation velocity during 
fracture would be thought to be one of the significant evaluating factors. 
Although the crack velocity in fatigue fracture and slow crack growth has 
been measured, the fast crack velocity occurring during fracture has seldom 
been measured, because of the difficulties in making the measurement, 14 
especially for opaque specimens. 15 Thus discussion of the relationship 
between crack velocity during fracture of the specimens and their 
microstructure has been rare. 

In this paper the relationship between the microstructure of the 
aluminium titanate ceramics and their behaviour during fracture, i.e. crack 
propagation phenomena, crack velocity during fracture and work of 
fracture, has been investigated. 

2. EXPERIMENTAL PROCEDURE 

The sintered specimens were prepared from synthesized aluminium titanate 
powder having a mean particle size of ~ 0.5/~m and containing ~ 5wt ~o 
aluminium oxide contaminant introduced during its ball-milling. Sintering 
temperatures were 1300, 1350, 1400, 1450 and 1500°C, and the sintering 
period was 4 h. Thermal contraction and expansion of the specimens during 
the cooling period were measured by a non-loading type dilatometer. 16 
Bend strengths were measured by the 3-point loading method, and the 
results were shown as the mean value of three specimens for each sintering 
condition. The microstructure and appearance of the side surfaces of the 
specimens after the bend test were observed using a scanning electron 
microscope. Work of fracture was determined, using a single-edge notched- 
beam specimen, by 3-point loading. The notch width was ,-~ 0.2 mm and its 
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Schematic diagram showing the experimental arrangement for measurement of 
crack velocity. 

depth was ~ 40 °/o of the specimen thickness. Bulk density of the sintered 
specimens was measured by the mercury displacement method. 

Crack propagation velocity during the fracture was determined as 
follows. Conductive wires which were connected to terminals at both sides 
were printed on a side surface of the sintered specimen and then baked. The 
width of each printed wire was -,- 0.2 mm, and the distance between each 
wire was also ~ 0.2 mm. When the crack propagates during fracture, it cuts 
the printed wires, and the electrical resistance between the terminals is 
increased. This change of resistance was transformed to a voltage by means 
of a Wheatstone bridge, and was then recorded as a function of time. The 
very rapid change in voltage required the use of an ultra-high-speed A D 
converter with a digital memory (Transient Converter TCG-4000S, Riken 
Denshi Co., Ltd). This equipment has a maximum resolution of 0.05/~ s/word 
and can memorize 4096 words. A schematic diagram of the experimental 
arrangement for measurement of the crack velocity is shown in Fig. 1. 

3. RESULTS AND DISCUSSION 

3.1. Grain boundary cracking and microstructure 

During cooling subsequent to sintering, grain boundary cracking occurs, 
due to the high thermal expansion anisotropy of the aluminium titanate, and 
this cracking causes expansion of the specimens.17 Figure 2 shows the 
thermal contraction and expansion curves of the specimens during cooling 
from their sintering temperatures. Every specimen changed from a 
contraction to an expansion at temperatures in the range 300-200 °C. The 
specimen sintered at 1400 °C expanded -~ 1 o j/o, the largest value in this set of 
experiments. Specimens sintered at 1350, 1450 and 1500°C expanded by 

0.3 0.5 '~,~]; the specimen sintered at 1300 °C showed very little expansion. 
Figure 3 shows the fractured surfaces of the sintered specimens. The mean 

grain size of the titanate increased from 0.6 ~m following sintering at 1300 °C 
to 2.3pm at 1500°C. The specimen sintered at 1400°C had large and 
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continuous cracks through the body and failed when cooled to room 
temperature. Specimens sintered at 1450 and 1500°C had small grain 
boundary microcracks and the microcracks of the 1450°C specimen 
appeared to be continuous. The specimen sintered at 1300 °C had few cracks. 
The degree of microcracking and the size of the cracks in the sintered 
specimens can be seen to correspond with the degree of expansion during 
cooling. 

3.2. Mechanical properties of sintered specimens 

Bend strengths and bulk densities of the sintered bodies are shown in Fig. 4. 
The specimen sintered at 1400°C had already fractured during cooling, so 
the bend strength of this specimen was considered as 0 M Pa. The specimen 
sintered at 1300°C, which contained few cracks, showed the highest 
strength. The specimens sintered at 1350 and 1450 °C were weak because the 
cracks in these specimens were comparatively large and continuous. From 
these results it becomes clear that a continuous crack is more harmful than 
discrete isolated microcracks and has the effect of lowering the strength of 
the specimens. 

The microcracks present on the grain boundary also influenced the 
stress-strain relationship of the specimen, which is shown in Fig. 5. The 
specimen sintered at 1300 °C showed a linear stress-strain relation, whereas 
the specimens sintered at 1450 and 1500 °C did not show such behaviour and 
fractured in a more stable manner. From the initial straight part of the 
stress strain curves, the Young's modulus was calculated and this is also 
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Stress-strain curves obtained in 3-point bending. 

shown in Fig. 5. The specimen sintered at 1300 °C has a higher modulus than 
the others, which whilst denser, contained appreciable amounts of cracks on 
their grain boundaries. This decrease in Young's modulus of the specimens 
containing grain boundary microcracks would be caused by the decrease in 
the area of contact across the sintered grain boundaries. 

The microcracks also affected the fracture behaviour of the specimens. 
After the bend test, the specimens sintered at 1450 and 1500 °C did not break 
into separate pieces (Fig. 6(a)). In these specimens, as shown on scanning 
electron micrographs of their side surfaces in Fig. 6(b), cracks were 
deflected, branched, and blunted by the grain boundary microcracks and 
these processes finally combined to stop further propagation. 

3.3. Work of fracture and crack propagation velocity during fracture 

The work of fracture of the specimens sintered at 1300 and 1450°C was 
measured. In this measurement both specimens were fractured in a stable 
manner. The work of fracture, 7wor, was calculated to be 16.8 _+ 0.3 and 
38.6 + 3 .1Jm-z  for specimens sintered at 1300 and 1450°C, respectively. 
This result indicates that the presence of the grain boundary microcracks in 
the specimen sintered at 1450°C increases the work of fracture. 



Crack propagation resistance of aluminium titanate ceramics 135 

(a) 

Fig. 6. Specimen fracture (a) and the side surface (b) of the specimen sintered at 1450 °C, 
after the bend test. 
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Voltage-time relationships obtained during fracture, used to determine crack 
velocity. 

Figure 7 shows voltage changes between two terminals printed on the side 
surface of the specimens sintered at 1300 and 1450 °C during fracture in the 
bend test. From this graph mean velocities of crack propagation were 
determined. The velocities were calculated to be ~ 400 and 0.2 m s- 1 for the 
specimens sintered at 1300 and 1450 °C, respectively. A fast crack extension 
speed of 400 m s- 1 is a value comparable with that reported for hot-pressed 
silicon nitride 15 and other dense ceramics. The microcracks on the grain 
boundaries in aluminium titanate thus decrease the crack propagation 
velocity to 1/2000 of the velocity for microcrack-free specimens. 

These measurements of the crack propagation velocity and the change in 
value of the work of fracture give a strong indication that the grain boundary 
microcracks interfere significantly with the crack extension. 

4. CONCLUSION 

Microcracks on the grain boundaries of the aluminium titanate studied 
decrease the bend strength and Young's modulus of the specimens by linking 
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with a critical crack and by reducing the area of contact between boundaries. 
However, these microcracks increase the resistance to crack propagation on 
fracture by mechanisms involving crack deflection, branching and blunting. 
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