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Abstract 
 
 When AE activity is high, the waveforms of AE events overlap each other. Conventional AE 
measurement systems, which handle discrete AE events, are not suitable here because overflow 
and miss-detection occur frequently. A new AE measurement system was developed to solve this 
problem by recording AE waveforms continuously to hard disks for several hours throughout 
testing. This system gives new possibilities to AE signal analysis. The continuously recorded AE 
waveforms can be repeatedly replayed from hard disks and analyzed to obtain AE parameters. 
The continuous time-frequency data of the AE waveform can be calculated and gives effective 
information for the damage evaluation of materials. In this study, the degradation of ceramic fi-
ber mat during cyclic compression test was evaluated by this new system. The time-frequency 
data of AE waveforms delineated the causes of degradation of the mat during the test. Breakage 
of fibers is the main cause in the initial 10 cycles and sporadic rearrangement of fibers becomes 
the main cause in the later cycles. The effect of organic binder to prevent the degradation of the 
mat was also estimated. In binder-added specimens, the fiber-breakage signals weakened and the 
rearrangement signal disappeared. 
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Introduction 
 

 In catalytic converters of automotive exhaust, alumina fiber mat is employed as the sealing 
medium to affix the main body of converter inside the casing [1]. However, the gripping force of 
the mat degrades gradually during long-term use under varying pressure caused by runs and 
stops of engine. In our previous studies [2, 3], AE events of the mat were measured to estimate 
the degradation under cyclic compression test. However, conventional AE measurement systems 
often missed the events, especially under high compression state. It is because the conventional 
systems overflowed by high generation rates of AE events from the fibers inside mat. The con-
ventional systems process the events one-by-one after triggering by pre-set threshold voltage, so 
miss-detections will occur if the next event arrives within the processing time (dead-time) of the 
last event. Conventional solution to this problem is to adjust frequency filter and threshold level 
to reduce the event rate. However, these restrictions tend to spoil the information from the AE 
signals. 
 

The most fundamental way to solve this dead-time problem is continuous recording of AE 
waveform. Thompson et al. [4] developed a continuous recorder of AE waveform. However, 
they adopted solid-state random access memory (RAM) as the storage device, and the recording 
time was only a few minutes and the cost of a system became high. Kurz et al. [5] showed a sys-
tem, which can record the transient AE waveforms (i.e., split AE waveform into one event length 
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in advance) continuously to hard disks. However, their system could not handle the continuous 
waveform directly. Additionally, the sampling frequency (2.5 MHz) was insufficient for general 
materials. 
 

In this study, a new AE measurement and analysis system was developed to solve the 
dead-time problem and was applied to evaluate the degradation of the mat. The new system can 
record AE waveform to high-capacity hard disks continuously with 10-MHz sampling frequency 
throughout testing. This new system was named “Continuous Wave Memory” (CWM). Of 
course, there is no dead-time and no pre-set threshold voltage in CWM measurement. Therefore, 
this CWM enables successful evaluation of the damage of materials or structures with high AE 
activity. 
 
Development of Continuous AE Waveform Analyzer 
 
 CWM is built using common PC and commercial hardware. No special hardware is needed. 
Figure 1 shows the block diagram of the hardware. CWM can convert 4-channel AE signals into 
digital waveform data continuously with 10-MHz sampling frequency and 12-bit resolution by 
high-speed analog-to-digital converter (PCI-3525, Interface Corp.). The digitized waveform data 
is recorded to hard disks, which are interfaced in parallel by RAID-0 technology. The data re-
cording rate is 20 MB/s/ch. Therefore, the maximum recording time is about 1.7 hours for 4 
channels, or 7 hours for 1 channel in the currently used disks of 500 GB. 
 

 
 

Fig. 1  Hardware block diagram of CWM. 
 

 A set of software to analyze the continuous waveform data was also developed. The func-
tions are listed in Fig. 2. The frequency analyzer can also target continuous waveform data by 
short time Fourier transform (STFT) method. The software can handle two types of data. One is 
measured data, which is directly imported from the AD converter and analyzed in real-time. This 
procedure is compatible with conventional AE systems. The other is recorded data, which is read 
from hard disks as many times as needed and analyzed repeatedly. This “re-analysis” of AE sig-
nals newly becomes possible by CWM. The software is optimized for parallel operation by 
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using latest dual-core CPU (Athlon 64 X2 4400+, Advanced Micro Devices) to reduce analysis 
time. 
 

 
 

Fig. 2  Software block diagram of CWM. 
 
Experimental Procedures 
 
 Ceramic fiber mat was compressed to evaluate the degradation of its resilience. Figure 3 
shows the experimental equipment. The mat used for specimens is the same as a current com-
mercial product, which consists of 72% alumina and 28% silica. The specimen was cut from this 
mat to a disk of 25.4 mm in diameter. 
 

 
 

Fig. 3 Equipment for cyclic compression test. 
 
 Two conditions of compression were used. One is compression and decompression between 
0.331 and 0.376 g/cm3 at room temperature and 900ºC. This experimental condition simulates 
the real in-service environment of automobile. The other is compression only once from the vir-
gin state (= 0.150 g/cm3) to 0.400 g/cm3 at room temperature. This condition simulates the 
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assembling process of the catalytic converter. Specimens with 1, 5 and 10% of organic binder 
were also tested to evaluate the effect of the binder in this test. The binder tends to reduce the 
damage of fibers during the compression process by fixing the cross points of fibers. 
 
 The load and AE signals were monitored during the tests. A piezoelectric transducer (PZT) 
with built-in head-amplifier (Fuji Ceramics, M304) captured AE signals. The sensor was pro-
tected from the heat of electric furnace by water cooling. AE signals were amplified further by a 
preamplifier (Fuji Ceramics, A1002) and input to CWM. 
 
Results and Discussion 
 
Evaluation of Damage of the Mat 
 
 Two peak frequencies were found near 600 kHz and 220 kHz from the time-frequency data 
of the continuous AE waveform, which was calculated by short-time Fourier transform (STFT) 
method. Specifically, the continuous waveform was split into 4096-sample (i.e. 409.6-µs length) 
short windows and each window was processed by FFT method. Then, the frequency character-
istics of each window was averaged over time and mapped in single graph. Figure 4 shows the 
results of the 1st, 10th and 70th compression of the mat. The horizontal axis is the density of the 
mat, the vertical axis is the frequency of AE signal and the gray scale reflects the magnitude. The 
magnitude is normalized by the maximum magnitude in each graph. 
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Fig. 4 Plot of mat density-frequency-magnitude of the 1st (left), 10th (middle), 70th (right) cycle. 
 

The causes of these peaks are determined from the shape of waveform [3]. The 600-kHz peak 
originated from burst-type waveforms due to breakage of fibers, and the 220-kHz peak is from 
continuous-type waveforms, i.e., the friction of fibers. The intensity of these peaks increased 
with the progress of compression in each cycle during the first ten cycles, while the maximum 
intensity of peaks in each cycle was not always observed at the maximum compression stress in 
later cycles. Toward the end of cycling, only the 220-kHz peak appeared sporadically. The result 
of SEM observation showed that the fibers were gradually re-arranged to uneven distribution. 
Figure 5 shows the same place on a single specimen before and after the cyclic compression test. 
A large void developed in the photograph after 1000-cycle compression.  
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Fig. 5 SEM observation of the same location before (left), after 10 cycles (middle) and after 
1000 cycles (right) of compression. 
 

As described above, the cause of degradation of the gripping force seems to change during 
the cyclic compression test. Initially, the breakage of fibers during compression is the main cause 
of degradation. Gradually, this shifts to the re-arrangement of fibers, causing discontinuous AE 
signals from friction in later cycles. 
 
Effect of Binder Addition 
 

Figure 6 shows the result of STFT of specimens with 0, 1, 5 and 10 wt% binder addition. As 
these specimen was compressed only once from 0.15 to 0.40 g/cm3, the magnitude is normalized 
by the maximum magnitude in each figure. Figure 7 shows the magnitude of friction peak (220 
kHz) and breakage peak (600 kHz) of each specimen. The 220-kHz peak is observed in only 
binder-less specimen and the 600-kHz peak becomes weaker with increasing binder addition. 
Figure 8 shows SEM images at a single position on a specimen with 10% binder before and after 
the cyclic compression test. The rearrangement of fibers was absent. These results show the ef-
fect of organic binder, which fixes the cross points of fibers and reduces the damage of fibers 
during compression. 
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Fig. 6 Plot of mat density-frequency-magnitude of the specimen with 0, 1, 5, 10% binder addi-
tion (from left to right). 
 
Conclusions 
 
(i) The degradation of ceramic fiber mat during cyclic compression test was evaluated by a 
newly developed AE system, which continuously records AE waveforms to hard disk throughout 
a few hours of testing. 
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Fig. 7 Binder contents vs. the magnitude of AE signal and maximum pressure. 

 

 
 
Fig. 8.  SEM observation of the specimen with 10% binder before (left), after 10 cycles (mid-
dle) and after 1000 cycles (right) compression. 
 
(ii) Two peaks were found near 600 kHz and 220 kHz in the AE waveform of the mat. They are 
caused by the breakage and friction of fibers, respectively. 
(iii)The time-frequency data of the AE waveforms showed the cause of the gripping force deg-
radation of the mat changes during the cyclic compression tests. In the initial 10 cycles, the 
breakage of fibers is the main cause. At later cycles, the gradual rearrangement of fibers becomes 
the main cause. 
(iv) The AE behavior of specimens containing organic binder was also evaluated by CWM. In 
binder-added specimens, the breakage signals weakened and the rearrangement signal disap-
peared.  
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