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THE ORIGIN OF CONTINUOUS EMISSIONS

KANJI ONO
1
, HIDEO CHO

2
 and M. TAKUMA

3

1)
 Dept. of Materials Science and Engr., University of California, Los Angeles, CA 90095, USA.

2)
 Department of Mechanical Engr., Aoyama Gakuin University, Sagamihara, Kanagawa, Japan.

3)
 Department of Mechanical Engr., Kansai University, Yamate, Suita, Osaka, Japan.

Abstract

We have studied the random nature of continuous acoustic emission, typically observed dur-

ing the plastic deformation of metallic materials. In particular, the yielding of variously treated

A533B HSLA steel samples was used as the emission source. Signal amplitude distribution was

found to be Gaussian. Some minor deviation can be also seen when burst emissions are superim-

posed. Time-series analysis techniques were applied to obtain chaos parameters. Signals proved

to be stochastic. When a laser excitation source is applied on tensile samples of common geo-

metries, resultant simulated AE signals exhibit Gaussian distribution. The synthesis of these two

sets of observation points to the resolution of the origin of the continuous emissions, which has

been the subject of long running speculation.
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1. Introduction

We observe continuous-type acoustic emission (AE) signals during the plastic deformation of

metals and alloys, especially in the beginning stages [1,2]. Such continuous signals were found

to exhibit Gaussian random distribution [3], but little progress has occurred since that time. In

contrast, pulse-like AE signals, commonly known as burst emissions, are generated from distinct

elastic energy release processes, such as cracking and martensitic phase transformation [4].

These burst-type AE signals correspond to specific physical events and can be characterized with

Green’s functions using methods such as deconvolution analysis, moment tensor analysis and

simulation analysis when conditions are favorable. Strong research efforts have resulted in good

understanding of the origin of burst emissions from various materials (For recent review, see

refs. 5-7).

A large body of mathematical work exists dealing with stochastic and chaotic processes. Of

special interest here is the time-series analysis. Applying this methodology, Bukkapatnam et al.

[8] examined AE signals associated with flank wear and found them to emerge from a low-

dimensional attractor of a chaotic process. They produced a compact set of signal features that

enabled them to generate neural network for wear estimation. Recently, Nishiura et al. [9]

showed that continuous emissions during shear-type machining processes can be characterized

using methods of time-series analysis. They were able to differentiate continuous-type AE sig-

nals from several distinct stages of tool wear in machining by determining maximum Lyapunov

exponents and correlation dimension. Signals from tensile, shear or mixed fracture processes

generated distinct shifts in these parameters. Their findings implied that the observed AE signals

also have their origin in chaotic non-linear dynamical systems. At present, the only information

we utilize in defining continuous emission signals is the root-mean-square (rms) voltage,
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averaged over a certain duration. Our interest is to examine continuous-type AE signals and to

deduce other characteristic parameters if they exist.

Another objective of this work is to simulate continuous emission signals in order to identify

the origin of such emission. It is generally believed that continuous emissions are the conse-

quence of many individual AE bursts occurring in random sequence. However, no definitive evi-

dence has been obtained. Ono (unpublished work, 1978) attempted to generate random emission

signals via the superposition of random-amplitude pulses with randomly varied intervals. Two

sets of random noise generator and AE equipment were used in the experiment. Each pulse was

narrow-band filtered to represent typical burst emission (often referred to as a damped sinusoid).

Resultant signals contained regular features and randomizing effort was unsuccessful. The pre-

sent work utilizes laser excitation of typical mechanical test samples and a non-contact,

broadband detection method. Digitalized signals are conducive to the superposition procedures

and we attempt to artificially generate continuous emission signals.

2. Analysis of Continuous Emission Signals

We generated continuous emission signals by the plastic deformation of steel samples. These

are of round half-size ASTM E-8 tensile sample geometry. The gage diameter is 6.4 mm and the

parallel section length is 32 mm. The grip section was threaded with 1/2”-20 thread and the total

length was 85 mm. Material was A533B steel, oil-quenched from 930˚C and tempered at 550˚C

for 2 hr. An AE sensor (either AET MAC375 or PAC WD) was placed on one end with resin

couplant. AE signals were recorded using a PAC Mistras board running under MI-TRA software

with external triggering of 100-ms interval. Digitization rate was 2 MHz and the record length

was 20 kw. Typical stress-time and rms-voltage-time curves are shown in Fig. 1. Here, the rms-

voltage data was manually obtained from digitized data using the statistical function of Excel.

Fig. 1 The stress-time and rms-voltage-time curves for an A533B tensile sample.
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Fig. 2 Representative signals. Top: E, Middle: G, Bottom: H

Figure 2 shows representative signals. Here, E is a continuous signal near the maximum sig-

nal level at yielding and H is the preamplifier noise, while G is a burst emission signal for com-

parison. Details of these and other signals examined are tabulated in Table 1. In the case of E,

one can see wave trains appearing repeatedly, although each high activity zone differs from all

others. Signal H shows more uniformity in peak distribution and no definitive wave train is dis-

cernible. As usual, the burst signal G indicates a rapid rise followed by slower decay in ampli-

tude. Figure 3 gives wavelet transform result for a part of continuous emission E. While several

of the high coefficient value regions are separated by the round-trip time, these are

Table 1 Summary of signal characteristics. (Type: B=burst, C=continuous, MC = MAC375)

Signal Type rms V Data length Sensor Fractal dimension Lyapunov exp. Correlation dimen-

sion

A C 2.83 V 1 kw MC 0.491 0.0889

B B 10.01 1 MC 0.549 -0.825

C C 4.46 20 WD 1.42 0.529 -2.01

D C 5.76 20 WD 1.62 0.441 -1.265

E C 10.11 20 WD 1.65 0.440 -1.856

G B 13.33 1 WD 1.24

H C 3.27 2 WD 1.4
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Fig. 3 Wavelet transform of continuous emission, E.

generally unrelated. When the cumulative amplitude distribution of signal H is plotted against

amplitude, it coincides with that of normal distribution, as shown in Fig. 4. Although signals E

and H look different, both signals follow the normal distribution. All other continuous emission

signals also have the same normal distribution characteristics.

Using sets of data of 1024-points, the fractal dimension of all the signals was calculated as a

function of frequency. Five curves for signals C to H are shown in Fig. 5. For the signals except

G, fractal dimensions were similar above 350 kHz and varied from 1.5 to 1.65. These signals

were obtained using a WD sensor that has sensitivity peaks in 100-300 kHz. This is reflected in

the changes observed for signals D and E, both of which have increased rms voltage levels over

the background noise. Here, the fractal dimensions increased from ~1.5 to almost 1.7. Signal C is

only slightly above the background and show the essentially same curve as that of signal H.

Burst signal G shows consistently lower fractal dimension (1.07 – 1.35) than the rest.

In the frequency range of 200-300 kHz, the average fractal dimension appears to increase

with the rms voltage of continuous emission signals. As listed in Table 1, it varies from 1.4, 1.45,

1.62 and 1.65. For the burst signal, it is markedly lower at 1.24. Since fractal dimension of 1.999

corresponds to Brownian motion and that of 2.0 to random white noise, the present result implies

that stronger continuous emission signals become less predictable.
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Fig. 4 Differential and cumulative distribution vs. amplitude (in µV) of signal H. ND = normal
distribution.

Fig. 5  Fractal dimension of the signals, C to H, as a function of frequency.
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Parameters used in time-series analysis include correlation dimension and Lyapunov expo-

nent. Figure 6 shows a plot of correlation index J(m) against embedding dimension m for signal

C. This plot indicates convergence above m=12 at J(m) = 10, or the correlation dimension to be

10. For signal D, correlation dimension was found to be 10.1. For signal E, no convergence re-

sulted. When the value of correlation dimension is at this level, signals are best described as sto-

chastic or random, rather than being chaotic. The maximum Lyapunov exponent and correlation

integral values were obtained for signals A – E and listed also in Table 1. While these vary de-

pending on signals examined, allowing the signals to be differentiated, no consistent changes can

be recognized in the data.

Fig. 6 Correlation index J(m) vs. embedding dimension m for signal C.

It is concluded from these findings that the continuous emission signals examined exhibit

stochastic or random behavior. No new parameter that can characterize continuous emission sig-

nals in terms of chaotic behavior is identified. The average fractal dimension appears to correlate

with the rms voltage and further evaluation is warranted.

3. The Origin of Continuous Emission Signals

It is generally believed that continuous emission signals result from the superposition of nu-

merous distinct AE events [1,2]. In the case of a high-strength aluminum alloy, the use of a

broadband sensor resolved individual AE pulses in the post-yield region, where the fracture of

particles is the source of the observed AE activities [10]. During the yielding of many metals and

alloys, it is natural to attribute a slip step as the source of an AE event. When the slip step is

large and strain rate is high as in the case of dynamic strain aging, we have observed a spike of

AE activity. Accompanying a load drop of dynamic strain aging, Armentrout and Carpenter [11]

reported a sudden increase in the amplitude of continuous emission, which was a single burst

AE. In usual yielding, no confirmation of individual slip step linking to a single AE event has

been reported.

Our attempt to simulate continuous emission signals starts from the excitation of representa-

tive tensile samples using energetic laser pulses. Laser pulses were from a YAG laser (Contin-

uum; 1-3 mJ output), focused on the end of a tensile sample. Acoustic signal detection utilized
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a laser interferometer (Thalen Laser; SH-140) with bandwidth of 20 kHz to 2 MHz. Two round-

bar steel samples (parallel gage section and hour-glass type) and one flat steel sample were used.

Signals were averaged 1000 times to improve the signal-to-noise ratio.

Fig. 7  Laser-excited signal on a round-bar tensile sample. Detected by non-contact method.

Fig. 8 Cumulative amplitude distribution of detected laser-induced signal and sum of 3 Gaussian

distribution (Two of the Gaussian distributions are shown.

Figure 7 shows one such detected signal on a round-bar sample. This exhibits typical char-

acteristics of an AE burst; namely, a sharp rise, followed by a slow decay extending over 2 ms.

With a non-contact detection, this decay lasts beyond 10 ms. The wavelet coefficients show

broadband response as expected, but give sharp peaks at 80-150 kHz range and at 350-500 kHz

range. Some periodicity exists, but distinct reverberation peaks are absent. The cumulative am-

plitude distribution of this signal is shown in Fig. 8. The data is nearly log-linear and can be rep-

resented by the superposition of three sets of Gaussian distribution. The third one makes only
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a minor contribution, but keeps the distribution curve matched well below 10 counts. This is sur-

prising to find as the sample had well machined ends and most length was round bar. Apparently,

the shoulder sections make wave reflections complex, randomizing the waves reaching the de-

tection end.  The other contributor is the point source nature of the laser excitation, unlike the

commonly used AE or ultrasonic sensor source.

A result of random summation of ten signals is shown in Fig. 9. Starting times were picked

arbitrarily and the amplitude was varied for each wave, which is identical to Fig. 7. Thus, the

origin of continuous AE signals with Gaussian distribution can be traced to the small source size

and the irregular reflections and refractions of sample geometry. This produces spreading waves

that are randomized through bouncing at the shoulders and enlarged grip regions.

4. Conclusion

Continuous AE signals were examined using the method of time-series analysis and found to

be stochastic. No useful parameter based of chaotic behavior was found.  Using laser-excited

source for AE bursts, the random superposition of such excited waves can produce randomized

signals that simulate continuous AE signals from plastic deformation.  This confirms the long-

held belief regarding the origin of continuous emissions.

Fig. 9 Simulated continuous emission signal. Total signal duration = 1.6 ms. Ten signals of Fig. 7

were summed after selecting arbitrary starting time and scaling amplitude.
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