
J. Acoustic Emission, 23 (2005) 150 © 2005 Acoustic Emission Group

AE CHARACTERIZATION  OF THERMAL SHOCK CRACK GROWTH

BEHAVIOR IN ALUMINA CERAMICS  BY DISC-ON-ROD TEST

SHUICHI WAKAYAMA, SATOSHI KOBAYASHI and TOSHIYA WADA

Department of Mechanical Engineering, Tokyo Metropolitan University

1-1, Minami-Ohsawa, Hachioji, Tokyo 192-0397, Japan.

Abstract

Crack growth behavior from a pre-crack in alumina under thermal shock was evaluated by

acoustic emission (AE) technique.  In the Disc-on-Rod test used in the present study, the central

region of heated specimen was quenched by means of contacting with a cool copper rod.  AE

signals during crack growth were detected by an AE sensor attached on the opposite end of the

copper rod.  The temperature distribution on the specimen was measured by an infrared camera

and the crack growth behavior was observed by a digital video camera.  In this study, micro-

scopic crack growth behavior from the pre-crack was characterized by the Disc-on-Rod test sys-

tem, and the onset of crack growth was detected by the AE measurement.  Then, the critical

stress intensity factors for different pre-crack length were calculated and angles of crack deflec-

tion were investigated by FEM.  Consequently, the crack growth behavior under thermal shock

was well understood by the AE technique.
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1. Introduction

The application of ceramics at elevated temperature often involves rapid heating and cooling

conditions leading to thermal stress that causes thermal shock fracture.  Thermal stress field is

resulted from the temperature distribution due to transient heat flux under temperature difference.

Under the transient thermal stress, the thermal shock fracture process consists of the microcrack

initiation and accumulation, the main-crack formation and the main-crack growth to final frac-

ture.  Furthermore, in the fracture process, it is considered that there is an interaction among

temperature distribution, stress field and main crack.  Therefore, it is important to characterize

both the thermal stress field and the fracture process dynamically and simultaneously.  However,

in conventional studies, those requirements have not been satisfied.  For example, the macro-

scopic crack growth process was investigated based on fracture mechanics, whereas the precise

evaluation of the micro-fracture process and thermal stress was still insufficient [1,2].  Thus, new

experimental technique for the investigation of thermal shock fracture behavior, Disc-on-Rod

test, has been developed by the authors [3-5].  In the Disc-on-Rod test, transient thermal stress

field can be calculated by FEM from the directly measured temperature distribution.  In addition,

the micro-fracture process can be characterized by the AE analysis.

The objectives of this study are to develop this technique and to characterize crack growth

behavior of ceramics during thermal shock.  The micro-fracture process was investigated by AE

analysis.  Furthermore, the result of AE analysis was verified by the observation of crack growth

behavior by a digital video camera.  Consequently, the crack growth behavior was characterized

based on fracture mechanical approach.



151

2. Experimental Procedures

2.1 Preparation of Specimens

The material used were alumina ceramics (ADS-11) offered by Toshiba Ceramics Co., Ltd.

Table 1 shows the material properties of ADS-11.  Disc specimens with 20-mm diameter and

0.6-mm thickness were cut from sintered rods and both surfaces were polished with 1-µm dia-

mond slurry.  Specimens were dehydrated at 150 °C for 2h in vacuum to avoid the influence of

the stress corrosion by the water.

2.2 Introduction of Pre-crack

Figure 1 shows a pre-crack introduced into the specimen.  An indentation was generated at

the center of the specimen using a Vickers indenter.  Figure 2 shows schematic illustration of

procedure to grow the pre-crack from the indentation.  Only the edge of the specimen was sup-

ported, and the specimen was subjected to flexural loading by a metal rod of 4-mm diameter.

The pre-crack was propagated from the indentation.  The pre-crack length was controlled by

monitoring AE signals detected by an AE sensor attached on the outer part of the specimen.

Thus, specimens with a long pre-crack (Type A), a short pre-crack (Type B) and without pre-

crack (Type C) were prepared.

Fig. 1  A pre-crack introduced into Fig. 2  Schematic illustration of procedure to

the specimen (Type A). grow the pre-crack from the indentation.

2.3 Thermal Shock Test and Acoustic Emission Measurement

The apparatus of thermal shock test and AE measuring system are schematically shown in

Fig. 3.  A thin disc specimen was heated uniformly to the required temperature by an infrared

lamp. Only the central part of disc was quenched by contacting with a copper rod.  Initial   

Grain

Size

[ m]

Density

[kg/m3]

Elasitic

Modulus

[GPa]

4 Points

Bending

Strength

[MPa]

Thermal 

Conductivity

[W/mK]

Coefficient

of Thermal

Expansion

x 10-6 [/°C]

Fracture 

Toughness

[MPa·m1/2]

ADS-11 6 3900 360 350 30.0 7.8 4.5

Table 1 Material Properties of Alumina.
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temperature was 480-530°C and the contact area of the rod was 8-mm diameter.  Contact speed

was controlled by an air damper to restrain the generation of noise due to contacting.  During a

thermal shock test, the temperature distribution on the disc surface was measured by a high-

speed (30 frame/s) infrared camera (IRC).  At the same time, the macroscopic crack growth be-

havior was observed by a digital video camera (DVC).  Then, the transient thermal stress was

calculated from the measured temperature distribution using a commercial FEM code (ANSYS).

AE signals during thermal shock test were detected by an AE sensor attached on the bottom

end of the copper rod to prevent the heat damage to the sensor.  The rod was used both as a cool-

ant and a waveguide.  The AE sensor with an integral pre-amplifier and the resonant frequency

of 180 kHz was used, and the initiation of microcrack can be detected with excellent sensitivity.

The total gain of the AE system was 75 dB (main amplifier, 20 dB; pre-amplifier with sensor; 55

dB) and the threshold level was 40 dB, or 18 µV at the input of the pre-amplifier.  AE signals

were fed to an AE analyzer, and sent to a personal computer and analyzed further.

(a) Thermal shock test apparatus. (b) Photograph during thermal shock test.

Fig. 3  Apparatus of thermal shock test and AE measuring system.

3. Results and Discussion

3.1 AE Generation Behavior

Figures 4(a) and (b) show typical AE generation behavior in Type A (pre-crack half length of

2.3 mm) and Type B (pre-crack half length of 0.2 mm), respectively.  In the AE generation be-

havior in Type A (Fig. 4(a)), it can be seen that both cumulative AE events and energy increased

remarkably at 0 s and high amplitude AE signals were detected during 0~0.28 s.  Furthermore,

the onset of crack growth was observed at 0 s by DVC and the crack growth was also observed

during 0~0.28 s by DVC.  Therefore, it was ascertained that remarkable increase in both cumu-

lative AE events and energy corresponded to the onset of crack growth and high amplitude AE

signals corresponded to the crack growth.  The former was similar to the result of previous study

[3-5].  The fracture process in type A was initiated when the crack began to propagate at 0 s upon

contacting with the copper rod, followed by its gradual propagation at low speed for 0~0.28 s

and finally reaching the edge of the disc along radial direction at 0.28 s.
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Fig. 4  AE generation behavior and crack growth process.

Fig. 5  Crack paths due to thermal shock fracture.

On the other hand, the AE generation behavior in Type B (Fig. 4(b)) shows that both cumu-

lative AE events and energy increased suddenly at 0.9 s.  Simultaneously, the fast crack growth

was observed by DVC.  Therefore, the fracture process in type B began when the crack started to

propagate at 0.9 s and reached the edge of the disc along radial direction within 0.03 s.  Conse-

quently, it was understood from the AE behavior that in type A the crack propagated in a stable

manner for a relatively long period (0.28 s), while in type B the crack propagated in an unstable

manner for a short period (0.03 s).  The dependence of fracture behavior on the pre-crack length

showed good agreement with analytical prediction by Hasselman [6].  Thus, the AE technique

shows that it can achieve the characterization of crack growth behavior and determination of the

onset and stability of crack growth.

3.2 Macroscopic Fracture Behavior due to Thermal Shock

Figure 5(a), (b) and (c) show the photographs of fractured specimen of Type A, Type B and

Type C, respectively.  The specimens of Type A were not completely separated, while the speci-

mens of Type B were separated into 2~3 pieces and the Type C specimens were separated into

2~6 pieces.  This implies that the number of crack branching decreased with an increase in the

pre-crack length.  In addition, as mentioned above, it was recognized from the AE generation

behavior that the crack growth rate decreased with an increase in the pre-crack length.  Hence, it   
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Fig. 6  FEM model of specimen with pre-crack. Fig. 7  Tangential stress distribution.

was suggested that the longer pre-crack length was, the smaller the number of crack branching

and the crack growth rate were.  It appears that this result was caused by the difference in strain

energy at the onset of crack growth.

3.3 Thermal Stress Field and Stress Intensity Factor

Since the ratio of the thickness to diameter was very small (= 0.03) and the pre-crack in Type

B penetrated along the thickness, FEM analysis was carried out assuming the 2-dimensional

problem.  Figure 6 shows FEM model with the pre-crack bent at the indentation.  The thermal

stress field at the onset of crack growth was computed from the corresponding temperature dis-

tribution, which was determined by the infrared camera measurement.  Figure 7 shows the ob-

tained tangential stress field in the polar coordinate, where the origin is the center of the speci-

men.  In Fig. 7, the stress concentration is observed at both pre-crack tips.  Strain energy release

rates were also calculated using virtual crack closure method and stress intensity factors were

determined.

Based on the maximum hoop stress criterion [7] and the minimum strain energy density crite-

rion [8], the angles of crack deflection were examined.  KI and KII obtained from this study were

substituted for equations proposed in both of these theories and the deflection angles were cal-

culated.  Table 2 shows KI, KII and the calculated deflection angles.  In this study, there was no

difference between the deflection angles determined from the two criteria, but those values

showed fairly good agreement with the experimental result.

4. Conclusions

Fracture behavior in alumina ceramic discs during thermal shock subjected to the Disc-on-

Rod test was investigated by the AE technique.  From the AE generation behavior and the obser-

vation of the crack growth behavior, the following conclusions were obtained.

KI KII
Experiment

Minimum Strain

Energy Density 

Criterion

Maximum Hoop

Stress Criterion

Type A 2.38 0.06 6.0 2.9 2.9

Stress Intensity Factors [MPa•m1/2] Angles of Crack Deflection [°]

Table 2  Stress intensity factors and angles of crack deflection.
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1) The crack growth behavior under thermal shock was understood from the AE generation be-

havior.

2) It was ascertained by DVC observation that remarkable increase in both cumulative AE events

and energy corresponded to the onset of crack growth.

3) The angles of crack deflection determined by FEM from two types of the criteria showed

fairly good agreement with the experimental result.
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