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Abstract

Acoustic emission (AE) technique is useful for in-situ detection of micro-fracture in materi-

als. However, a piezoelectric sensor has a limitation in application at elevated temperatures be-

cause PZT has Curie point. We have investigated a non-contact AE technique using laser inter-

ferometer as a sensor. Cracking in firing of structural ceramics presents serious fabrication prob-

lems. Cracks form in the heating, sintering or cooling step of firing, and their initiation is

strongly affected by shape, density, particle size and firing pattern. It is important to investigate

when cracks occur for the optimization of firing condition. In this study, we firstly developed a

non-contact in-situ monitoring system for firing of ceramics. We tried to monitor the cracking in

firing of alumina (Al2O3) with the maximum temperature of 1600°C. A sample was heated in

electrical furnace and probe beam was irradiated on surface of SiC disc inserted between the

sample and the furnace through small opening. Developed monitoring system could successfully

detect cracking in firing. This system can be applied to AE measurement of samples above

1500°C. It was demonstrated that laser AE system could detect internal cracks, which did not

reach to surface of sample in firing process. This means that integrity of sintered ceramics may

be ensured based on non-contact AE measurement.
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1. Introduction

In recent years, the production of large advanced engineering ceramic parts has been needed

for industries. It is very important to inhibit the generation of surface or internal cracks during

firing of these ceramic components. These cracks are caused by several factors: one is a thermal

stress due to uneven temperature distribution of a sample during heating or cooling. The other is

the difference in shrinkage rates between the surface and interior of a sample during sintering.

Therefore, it is difficult to optimize the firing of complicated ceramic parts from empirical find-

ings. Our co-workers have investigated the strength and toughness of partially sintered alumina

during firing [1]. It was reported that the strength and deformation behavior of alumina change

dynamically during firing. Thus, it is difficult to predict cracking during firing. There are some

references about the simulation for shrinkage of alumina during firing [2]. As actual cracking

condition is complicated, in-situ detection of micro-cracks is useful in evaluating the failure of

ceramics.

Acoustic emission (AE) technique is useful for in-situ detection of micro-fracture in materi-

als. However, piezoelectric sensor has a limitation in application at elevated temperature because

PZT has Curie point. Many studies have detected micro-fracture at elevated temperatures using

waveguide and cooling of specimen near sensor for such experiments. However, the use of

waveguide causes distortion of propagating waveforms and quantitative analysis of AE using
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such modulated waveforms is difficult. In addition, contact of sensor may damage brittle or soft

samples. Therefore direct detection technique applicable even at elevated temperatures is needed.

We have investigated a non-contact AE technique using laser interferometer as a sensor [3,

4]. Surface vibration can be detected as frequency shift of laser beam based on Doppler effect of

light. The intensity of beat signal detected using photo diode is converted into velocity by

modulator. Laser AE technique has some advantages: such as absolute measurement, applicabil-

ity for measurement under severe environment and measurement at small areas. We applied this

technique to monitoring of various failure processes and in-process monitoring of fabrication [5-

7].

The first objective of this study is to develop a non-contact in-situ monitoring system for fir-

ing of ceramics. Then we monitor the cracking in firing of alumina with the maximum tempera-

ture of 1600°C, and investigate the cracking process of alumina during firing based on detected

AE signals with single-channel inverse analysis of waveforms.

Fig. 1  Experimental setup for in-process monitoring of firing of ceramics using laser AE tech-

nique: (a) a side-detection system, (b) a bottom-detection system.

2. Development of Measuring System

2.1 Configuration of Measuring System

Figure 1(a) illustrates a side detection type system. Alumina compact was fired in a box-type

electric furnace (KBF524N, Koyo Thermo System Corp.). Temperature control and measure-

ment of the furnace were carried out using B-type thermocouples. Probe beam is irradiated to the

side surface of a sample through a small opening (15-mm diameter) on a side of the furnace. AE

events during the firing were detected using a heterodyne-type interferometer (AT-0022, Graph-

tec Corp.) as a non-contact AE sensor. Low-noise demodulator (AT-3600S, Graphtec Corp.) was

used for the measurement of out-of-plane surface velocity with 1 mm/s/V sensitivity. In order to
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reduce the noise level, output signals were filtered with a high-pass filter (HPF) of 500 Hz and

low-pass filter (LPF) of 200 kHz. Detected AE waveforms were recorded by AE analyzer

(DCM-140, JT-Toshi Corp.) with the velocity threshold of 0.15 mm/s. Filtered signals were also

fed to a discriminator and then averaged signal (root-mean-square value (RMS) of the surface

velocities) were recorded using a data logger (NR-1000, Keyence Corp.) with temperature inside

the furnace.

We also developed bottom detection type system as shown in Fig. 1(b). Alumina compact

was sintered in an elevator type electric furnace (NHV-1515D-SP, Motoyama Corp.), placed on

an alumina block and on the bottom plane of the furnace. Probe beam is irradiated to the bottom

surface of sample through an opening of 15-mm diameter. Other AE measurements and measur-

ing conditions are identical to the side-detection system.

2.2 Evaluation of AE Detectability

Figure 2(a) shows the change in noise with temperature measured on the mirror-polished SiC

plate using the side-detection system. Because of convection in the firing chamber and opening,

noise increased with temperature. Periodic variation due to mechanical or electric noise was also

observed. In addition, large deformation due to sintering may cause the defocusing of probe

beam.

Fig. 2  RMS of surface velocity on measuring plane as a function of temperature in the furnace,

(a) side-detection type, (b) bottom-detection type.

Figure 2(b) shows the change in noise with temperature measured on SiC plate using the

bottom-detection system. This result is different from the RMS value of the side-detection sys-

tem. There is no increase of noise even at elevated temperatures, and the periodic variation in

noise disappeared. This means that the convection in the furnace does not affect AE measure-

ment. In addition, defocusing of probe beam due to deformation during firing may be sup-

pressed. Thus it was expected that directly detected AE signals at elevated temperatures with a

lower threshold of recording was possible.

2.3 Final Setup for In-process Monitoring of Firing

There was still a serious problem in direct detection on alumina surface with the bottom-

detection system. That is the warping of a sintered sample. The cause of warping was local
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temperature distribution of the sample. We carried out several additional improvements of the

system to reduce the temperature variation around the opening. SiC plate of 5-mm thickness was

inserted between the sample and furnace, and the size of opening in contact to the SiC plate was

reduced. From these improvements, the warping of a sample was successfully inhibited. There-

fore, in-situ noncontact AE measurement in firing was conducted with this improved bottom-

detection system.

3. AE Measurement during Firing

3.1 Preparation of Specimens and Firing Conditions

Two types of alumina, fine grain powders and mixed grain powders, were prepared as raw

materials. The purity of each powder was 99.9 % and 99.5 %, respectively. Green compacts were

formed by uniaxial press and cold isostatic press (CIP). All compacts were heated up to 500°C to

remove binder. Then rectangular samples of 35 x 35 x 20 mm were cut out. Surface of samples

were polished to surface roughness Ra of 0.8 m. Unless otherwise noted, tested samples are

smooth. In some samples a center notch of depth of 15 mm by a blade of thickness of 0.1 mm

was machined.

Samples were fired in the elevator-type electric furnace. Maximum temperature was 1600°C.

Heating rates were 800 K/h or 1600 K/h. After holding at 1600°C, samples were air cooled until

room temperature. Holding time was 0, 30, 60 or 120 min.

3.2 Estimation of Microcrack Size

Single-channel inverse analysis was applied to estimate the microcrack size using a decon-

volution method. In this study, the breaking of a pencil lead was used as the simulated AE signal

source. With assumption of mode-I type penny-shaped cracking, the Green’s function of the me-

dia was calculated from the simulated AE signal by the response waveform detected at the epi-

center of the media and converted numerically to a dipole from the monopole source. The crack

radius, a, was estimated as follows [3]:
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where D0 is the first peak of source function, 0 is the strength for microfracture and  is the

Poisson’s ratio, respectively. Properties used in calculation were that of fully-sintered alumina

(  = 0.23, 0 = 340 MPa).

4. Results

3.1 Observation of Fracture

Figure 3(a) shows a fractured smooth sample after firing. Observation shows that cracks were

initiated at the center of the sample and then propagated in a radial pattern toward edges. Figure

3(b) shows a fractured notched sample after firing. Cracks propagated to the bottom surface of

the sample from the notch tip.
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Fig. 3 Observation of fractured samples after firing; (a) a smooth sample, (b) a notched sample.

Fig. 4  Temperature history and crack radii as a function of temperature and time. The mixed-

grain sample was fired with heating rate of 1600 K/h, holding time of 120 min.

Fig. 5  Cumulative AE events as a function of generation temperature with different th; (a) results

of mixed-grain samples with heating rate of 1600 K/h, (b) results of fine-grain samples with

heating rate of 800 K/h.   
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4.2 AE Behavior

Figure 4 shows a typical AE behavior during firing. AE events were detected only in brittle

region (below 900°C) during cooling. Within tested firing conditions, no AE signal was detected

during heating or sintering period of firing.

Figure 5 shows the change in cumulative AE events as a function of cooling temperature (AE

generation temperature) for various holding time, th, at the maximum temperature. Generation

temperature of the first AE event increased with the increase in holding time regardless of heat-

ing rate. Cumulative AE events also increased with the increase in holding time. Although AE

signals were detected in samples fired with heating rate of 800 K/h and holding time of over 60

min, no surface crack was observed. Some of these samples cracked a few days later.

Fig. 6  Crack radius as a function of generation temperature of samples with different grain,

heating rate, holding time and notch type; (a) mixed grain, 1600 K/h, 30 min, both notched (°)

and smooth (triangles), (b) fine grain, 1600 K/h, 120 min, smooth, (c) mixed grain, 800 K/h, 120

min, smooth.

Fig. 7  Crack radius as a function of generation time. Firing conditions of the samples were same

as indicated in Fig. 6(a-c).

Figure 6 shows the relation between generation temperatures of AE signals and crack radii

estimated by the inverse analysis of AE. The generation temperature of the first AE of notched

sample was higher than that of smooth one, shown in Fig. 6(a). No AE signal was detected in the

notched sample after generation of the microcrack radius of over 1 mm, while some AE events
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were detected in the smooth sample. Smooth samples with 120-min holding time in Fig. 6(b) and

(c) also demonstrated a similar behavior, and many AE events with relatively small microcracks

were detected compared with the case of 30 min. Most frequent crack size in Fig. 6(b) and (c)

was about 250 and 300 µm, respectively. No visible surface crack was found in the mixed-grain,

smooth sample (Fig. 6(c)) after firing, while the other samples were cracked after firing. Figure 7

shows the relation between crack generation time and crack radii. Microcracks with generation

time of 1.5-5.5 µs were found, and larger cracks had relatively longer generation time.

5. Discussion

5.1 AE Detectability during Firing

As shown in Fig. 4, AE signals during cooling were successfully detected with the developed

in-process monitoring system. Although the temperature of measuring plane of SiC plate reached

approximately 1500°C during firing, it was demonstrated that AE signals could be detected even

at elevated temperature using non-contact laser AE technique. As shown in Fig. 2(b), the change

in noise level at the measuring plane through firing is small. If microcracks generate during

heating or sintering period, they will be detected as well as microcracks during cooling period.

As shown in Figs. 6 and 7, microcracks with radius of 150-1500 µm and generation time of 1.5-

5.5 µs could be detected using the measuring conditions for long-term stable recording. Because

observed surface cracks after firing were of the mm-order, the initiation and growth of micro-

cracks seems to be detectable using this technique within tested firing conditions and geometry

of the sample. Applicability for larger samples remains to be solved. As described above, AE

signals were also detected when no surface crack was observed on samples fired with lower

heating rates and longer holding times. This means that internal microcracks during firing can be

detected using this technique.

5.2 Firing Conditions and Cracking Behavior

Because of stress concentration at the notch tip, the notched samples will be easily cracked.

Therefore generation temperature of the first AE of the notched sample (shown by circles) was

higher than that of the smooth sample (triangles), as shown in Fig. 7(a). In addition, only a few

AE events were detected and no AE event was detected after the generation of larger mi-

crocracks in the case of notched sample. The difference in crack path of samples as shown in Fig.

3 can be described based on the difference in these AE behaviors. Several microcracks generated

near the notch in the notched sample and then a main crack from the notch propagated through

the specimen. Microcracks initiate in the center of specimen in the smooth samples and a crack

gradually propagates toward the surface. Visible cracks on the surface may not be found in some

sintering conditions because a crack does not reach the surface. Samples show a brittle behavior

below the first AE event temperature because sintering of alumina occurs in ductile region above

1400°C. All samples, especially notched samples, fractured in brittle manner. This means that

internal temperature distribution of samples is the dominant factor of cracking within tested fir-

ing conditions and geometry.

As the progress of densification during holding affects cracking behavior, AE behavior can

be used to understand the relation between densification and fracture process. Shrinkage after

firing increased with the increase in holding time, especially in the early stage of holding. As

shown in Fig. 5, cumulative AE events and generation temperature of the first AE increased with

the increase in holding time. The increase of densification causes the loss of stress relaxation in
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relatively low densification range. However, the specimens were not fractured in the samples

fired with heating rate of 800 K/h and holding time over 60 min, although AE signals were de-

tected. Many AE signals were observed in the sample of Fig. 6(b) where a crack from the center

reached the surface. A relatively small number of AE signals were found in the sample of Fig.

6(c) where no visible crack was observed on the specimen surface. AE signals corresponding to a

crack size of around 250-300 µm were detected around 750°C in both samples. The further den-

sification increases the fracture resistance and arrests the propagation of cracks to the surface.

This laser AE technique is expected to find practical applications in detecting internal cracks,

which cannot be observed in the surface.

6. Summary

(1) In-situ monitoring system of firing of ceramics using a laser AE technique was developed

and cracking in firing was successfully detected. This system can be applied to AE measure-

ment of samples above 1500°C.

(2) In the case of heating rate of 800 and 1600 K/h, micro-cracks due to non-uniform tempera-

ture distribution in a sample occurred during cooling period where the sample showed brittle

behavior.

(3) As the results of the inverse analysis of AE waveforms, it was demonstrated that cracking

with radius of 150-1500 µm and generation time of 1.5-5.5 µs occurred in firing. Most fre-

quent crack size was 250-300 µm.

(4) It was demonstrated that the laser AE system can detect internal cracks, which did not reach

the surface of the sample in firing process. This means that the integrity of sintered ceramics

may be ensured based on non-contact AE measurement.
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