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Abstract 
 
 This paper reviews progress in methods of signal analysis used in acoustic emission (AE) as 
applied to materials research field. The achievement and inadequacy in understanding of AE 
from materials during the deformation, fracture and other processes are examined systematically. 
New goals for the future are also discussed in view of new analytical tools and vastly advanced 
instrumentation. 
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Introduction 
 
 Acoustic emission (AE) is used widely in non-destructive evaluation/structural health moni-
toring to detect the presence of dangerous flaws and to locate the positions of such flaws in struc-
tures of various kinds. It is also indispensable for the investigation of dynamic behavior of mate-
rials. During the second half of the 20th century, AE from materials, especially AE from defor-
mation and fracture, was studied extensively, cf., Journal of Acoustic Emission (1982-) and con-
ference proceedings of IAES (Japan), ICAE (US), EWGAE (Europe) and AECM (US/Europe). 
Two recent books are also valuable in understanding the current status of this broad field [1, 2].  
 
 From these past studies, we have gained substantial knowledge on the origins of AE signals 
and can utilize it effectively in most NDE applications. However, our knowledge on the science 
of AE is hardly complete because of the limitation of experimental and theoretical resources at 
the time these studies were made. This article builds on reviews by the present author [3, 4], ex-
amines new methods of AE signal analysis and attempts to summarize the progress on subjects 
related to materials research.  
 
Methods of AE Signal Analysis 
 
 When one records an AE signal, it contains the information on its source, the propagation 
medium (sample or structure), AE sensor and electrical instrument used. These can be expressed 
by the characteristic or transfer functions of the source, propagation medium, sensor and elec-
tronics (Hs, Hm, Ht, and He). In the frequency domain, the transfer function of the AE signal, 
HAE, is given by the product of the four transfer functions above: 

HAE = Hs × Hm × Ht  × He.  (1) 

This can be performed easier as summation in the logarithmic scale and Fig. 1 shows an example 
from Sause [5; Fig. 2.20], who modeled a signal from a fiber composite. While AE source is 
given as a smooth function decreasing with frequency (-6 dB at 1.8 MHz), the medium has the 
major effect on the final signal detected. In this example system, even a large change in Hs (e.g.,  
-6 dB at 900 kHz) is hardly distinct. 
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Fig. 1 Magnitude of various H functions in log scale vs. frequency (0-2 MHz) [5]. 

 

 
Fig. 2 Cleavage-induced AE (displacement) signal and its deconvolution result [7]. 

 
 Although the frequency spectra are often adequate in NDE applications of AE, it is essential 
to examine the time-domain features of AE sources and signals in order to understand the physi-
cal basis of AE. From complete transfer functions (inclusive of phase behavior), we can inverse-
Fourier transform H’s and gain their time-domain equivalent (denoted as h’s here), i.e., wave-
forms. In the time domain, however, we need to utilize convolution integral (or deconvolution) 
instead of frequency-domain multiplication (or division); see [6] for details, but a convolution 
integral of h1 and h2 yielding h3 is written as (2) below.  

 
 
h3 = h1 h2 = h1(s)h20

t

∫ (t − s)ds        0 < t < ∞ (2) 

Implementing convolution and deconvolution procedures with typically large AE signal files re-
quires considerable expertise in software development. Sause [5] recently changed this situation 
by making AWARE++ software available as freeware. (http://www.physik.uni-augsburg.de/ 
exp2/downloads/aware.html) 
 
 Applying the above principles requires careful consideration and many simplifying assump-
tions. Initial successful work to determine HAE was developed in the 1980’s and is collectively 
known as “deconvolution analysis”. This method evaluated AE from crack advances on compact 
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tension samples for fracture toughness tests. See [3, 7, 8]. Outcome was the knowledge of Hs, or 
specifically, the crack dynamics and crack volume. Wadley and Scruby [7] examined low tem-
perature fracture of iron (intergranular) and mild steel (cleavage) using a special specimen shape, 
called Yobell. Figure 2 shows two cases for brittle fracture, giving the displacement (measured 
by a capacitive sensor) and deduced crack volume vs. t. In these studies, the crack plane is 
known and a calibrated sensor with Ht was at the epicenter position. Theoretical Green’s function 
for Hm was used. The key step is to get Hs from HAE via inverse (deconvolution) processing us-
ing known Hm, Ht, and He. However, this is prone to instability due to the superimposed noise in 
HAE [3]. This approach is also restricted severely because Hm is unavailable for most test geo-
metries and was seldom used since around 1990. 
 

 
Fig. 3 Fiber-composite failure, types 1-4 (top row); observed and calculated AE waveforms. 
Source location was conducted first and displacement signal simulated (bottom row) and com-
pared to the detected (middle row) [11]. 

 

 
Fig. 4 a) Stress-strain curve and cumulative AE events of 4 types [11]. b) Source parameters of 
analyzed AE signals from a glass-fiber composite [10a]. 
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 First principle elastodynamic calculations of AE waveforms are possible for simple geo-
metries. Ohtsu and Ono [9a,b] formulated displacement solutions assuming smooth-rising source 
functions of varying rise time, that is, hs  hm. Here, sources are described in terms of dislocation 
motion, which can also be given using a moment tensor, commonly used in geophysics. Such 
modeling or simulation process is most useful in obtaining details of a source by seeking a good 
match with experimental waveform, i.e., source parameters are used as variables to get the best 
fit of calculated and observed waveforms, thus, avoiding the deconvolution procedure. Takemoto 
and coworkers [10a,b, 11] have developed this forward-processing scheme and used it in various 
AE analyses in composite materials under loading. For example, Fig. 3 shows four types of fail-
ure, displacement signals observed and matched simulated waveforms for a unidirectional glass-
fiber composite. This led to signal classification as a function of loading. From the source func-
tion, crack velocity estimates were also obtained. See Fig. 4. This source function analysis 
proved its utility in many areas. 
 
 A useful development from the moment-tensor representation of source motion is “moment 
tensor analysis” or moment tensor inversion. This method relies on the first arriving P-waves at 
multiple sensor locations and obtains the tensile and shear components of the source motion. 
This approach (available as “PACspecial moment tensor” software package: http://www.acoustic 
emission.com/index.aspx) is most suited for large civil engineering structures, and has recently 
been reviewed elsewhere [in Chaps. 5 and 8, ref. 2]. In concrete and rock testing, the source 
types of AE during crack propagation have been identified. In most other materials testing, how-
ever, sample sizes are too small to use this method. 
 
 The use of 3D finite element analysis (FEA) is the next step in characterizing AE signals. 
Hamstad and coworkers have conducted a wide range of calculations, mainly directing their at-
tention to AE signals generated and propagated on a plate. Starting from the modeling of Lamb 
waves generated by pencil-lead fracture in thin and thick plates [12a,b], FEA results were com-
pared with modal superposition method [13a], and effects of source rise time, monopole vs. di-
pole sources, plate thickness and plate width were examined [13b, 14, 15]. FEA method is espe-
cially valuable for modeling interior AE sources as these cannot be simulated experimentally. 
See also http://www.engr.du.edu/profile/Marvin.htm. Figure 5 shows a comparison between ex-
perimental and computed out-of-plane displacement from a pencil-lead break source at distance 
of 203 mm [12b]. 50-kHz high-pass filter was applied numerically. 
 

 
Fig. 5 Experimental (L) and computed (R) out-of-plane displacements from a pencil-lead break 
source at 203 mm distance. [12b] 
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 Another subject of critical importance is AE sensors and their transfer functions, Ht. Circular 
capacitive sensors used in [7] have good displacement responses to plane waves, but develop a 
high-frequency limit for spherical waves and have low sensitivity [7]. Commonly used piezoe-
lectric disc sensors have complex responses due to cross coupling of radial and thickness vibra-
tion modes, especially when incident waves are spherical or Rayleigh or Lamb waves. We have 
examined the sensor characteristics using laser interferometer as reference standard [16a,b]. Sen-
sor responses depend on the wave types, i.e., plane waves, and spherical waves with different 
radius of curvature. The sensor responses were determined by the excitation of input waves using 
an ultrasonic transmitter or pulse-laser in conjunction with a transfer block. In addition, it was 
noted that the ultrasonic transmitter generated radial waves that excited the radial mode of sensor 
under test. Displacement due to the input waves was obtained using laser interferometer, with 
which the deconvolution of sensor output yields the transfer function. Because of the source-
sensor distance dependence of the transfer function, Ht, its use in equation (1) is much more 
complex. It is further anticipated that the incident angle of waves also changes sensor responses. 
An example of source-sensor distance dependence for PAC-WD sensor is shown in Fig. 6, where 
upper graph is for a plane-wave input and bottom one is for a 25-mm radius spherical wave input 
[16a]. 
 

   

 
Fig. 6 Transfer functions of PAC-WD sensor; (top) excited by FC500-generated plane wave with 
100-mm Al: (bottom) excited by a laser pulse through 25-mm Al [16a]. 

 
 This behavior of AE sensors based on common piezoelectric discs and rings makes it imprac-
tical to broaden the usage of Ht beyond specialized research. It is still essential to develop suit-
able calibration methods that respond to AE waves encountered in laboratory and field applica-
tions. In particular, one must take into account radial mode excitation in commonly used face-to-
face sensor calibration. A new method, the bar-wave based approach of sensor evaluation, is 
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recently demonstrated [16b]. We utilized bar waves with a long flat metal bar. The waves are 
excited using an ultrasonic transmitter and displacements of the bar are characterized with a laser 
interferometer as before. Frequency from 20 kHz to 1 MHz is used for characterization purpose. 
Using FFT, the power spectral density of AE sensors was obtained. Figure 7 shows the bar-wave 
calibration of PAC-R15 sensor thus obtained. Note the excitation of the radial component of this 
sensor at 150 kHz.  
 

 
Fig. 7 Bar-wave calibration of an R15 sensor [16b]. 

 
 The most advanced scheme for understanding the nature of AE signals relies on full-scale 
modeling of AE sources, propagation and sensing. Sause [5] conducted a detailed study of com-
posite failure covering the entire sequence from the modeling of fracture, wave propagation and 
piezoelectric sensing, all utilizing finite element analysis. His analysis of fracture takes into ac-
count the finite extent of AE sources and the inhomogeneous elastic properties in its vicinity. In 
the planar specimen geometries employed, the source model excites Lamb waves with symmet-
ric and antisymmetric modes, incorporating established procedures for Lamb wave modeling 
(see Hamstad above). A 3D model of the used sensor, PAC-WD including piezoelectric conver-
sion was developed, simulating frequency dependent sensitivity of this sensor, but with a compu-
tationally more efficient sensor model. He demonstrated that the shape and frequency content of 
the simulated sensor signal are critically dependent on the aperture of the PZT-elements of the 
sensor.  
 
 Simulations of various source mechanisms result in excitations exhibiting different ratios of 
So- and Ao-modes in line with earlier work of Gorman and Prosser [17].  Sause’s results also 
show that a distinction of matrix-cracking and fiber-breakage at the same source position is pos-
sible based on different intensity ratios of symmetric and antisymmetric Lamb wave modes. 
Strong antisymmetric modes contribute to a strong lower frequency contribution, while strong 
symmetric modes correspond to high frequency intensity. These characteristics for matrix crack-
ing (lower frequencies) and fiber breakage (higher frequencies) have been known based on ex-
perimental observations [17-19]. The different geometries, represented by homogenized plies 
with rotated elastic properties, significantly influence the simulated AE signals, yet a distinct de-
pendency of the signal characteristics on the source mechanism is still retained. However, at 
larger (>50 mm) propagation distances, false attribution of failure mechanisms tends to increase 
due to Lamb wave dispersion. Figure 8 gives an example of fiber-breakage signals simulated for 
two stacking sequences [Fig. 3.26, ref. 5]. 
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Fig. 8 Simulated AE signal due to fiber breakage in two lay-ups (UD and cross-ply). Resultant 
displacement of 100 nm was along the fiber with source rise time of 100 ns [5]. 
 
 Developing own codes for full-scale FEA modeling is not for non-specialists, but it is noted 
that a software package, such as PZFlex [20], deals with sensor and propagation analysis. Frac-
ture and vibration FEA packages are common. Thus, we hope to see further AE analysis devel-
opment in the direction Sause superbly pioneered in his doctoral dissertation.  
 
 Wavelet transform (WT) has changed how we examine AE signals in the last 15 years. While 
this author was aware of WT’s potential from an article in Dr. Dobb’s Journal (April 1992) as 
digital equivalent of audio spectrograms (developed at Bell Labs and used for AE analysis of 
rocket motorcases at Aerojet by Green et al. in 1964 [21]), early books of Daubechies and Kaiser 
were of little help for self-implementation. In 1995, Yasuhisa Hayashi (Shizuoka University, Ja-
pan) completed a program for WT computation, the source code of which was published in 1996 
[22] with his former colleagues at Aoyama Gakuin University (AGU). Its uses were initially lim-
ited to Takemoto group [11], but became worldwide once collaboration between AGU and Jo-
chen Vallen (Vallen Systeme, Germany) produced a freeware called, AGU-Vallen Wavelet in the 
past decade. This software now includes Choi-Williams transform calculation as well and has 
become an indispensable tool of AE workers everywhere. The utility of AGU-Vallen Wavelet is 
demonstrated broadly, so we show an example of another WT software, applied to AE signals 
from an SiC-SiC ceramic matrix composite. Here, projection of WT coefficients (left figure) and 
the FFT of the entire signal (right) are shown in Fig. 9. Hayashi and Wakayama [23] extracted 
the first and second major frequencies from the projected WT diagrams and correlated these to 
initiation and propagation of micro-damages, such as cracks in SiC matrix, crack propagation 
along thickness and fiber buckling. Different time segments of a WT diagram are projected and 
the major frequencies are obtained as shown. (In a WT diagram, the center frequency of the most 
(or second most) intense peak is defined as the first (or second) major frequency, but such peaks 
are obscured in a regular FFT spectrum. This feature of WT projection display is now available 
in AGU-Vallen Wavelet as well. 
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Fig. 9 The major and second major frequencies in (a) projected WT-frequency curve. Note FFT 
fails to recognize the major frequencies [Fig. 5 in ref. 23]. 
 

A new parameter for quantifying the unpredictability of fluctuations in time-series signals 
(i.e., AE waveforms) has recently appeared. Pincus [24] introduced a feature called approximate 
entropy, or ApEn, which expresses the likelihood of a similar pattern not being repeated subse-
quently. ApEn is small when many repetitive patterns exist in AE signals, while less predictable 
signals have higher values of ApEn. This was initially used in physiology and other biomedical 
fields (cf., http://www.physionet.org/physiotools/ApEn/; a link to an ApEn software is given), 
but its applications to AE signal analysis have been published [25, 26].  The utility of ApEn for 
AE analysis needs to be established for various conditions, but it is clearly shown in Fig. 10 [25] 
that ApEn quantifies “noisyness” and that such a parameter was previously unavailable. Bearing 
defect size is shown to correlate well with ApEn in Fig. 11. 

 

 
Fig. 10 ApEn for signals with various sig-
nal-to-noise ratios (SNR) [25]. 

Fig. 11 ApEn values vs. defect size on bear-
ings for two conditions [25]. 
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 Another feature of AE signals worth examining is time statistic or temporal distribution of 
AE events. Manthei and Eisenblätter [27] reviewed works starting from Mogi’s paper [28], giv-
ing indications of two types of statistics (Poisson or independent and Polya or prior-event de-
pendent processes). This parameter may provide a useful angle in AE analysis. 
 
 While most AE signals can be described as burst events, certain phenomena produce “con-
tinuous” AE signals. These resemble white (broadband) noise or pink (frequency limited) noise 
and often found during plastic deformation due to dislocation glide, fracture/decohesion of inclu-
sions, fluid/gas leaks and magnetization. Only their rms voltage levels provided a means of char-
acterization. Ono et al. [29] evaluated continuous AE signals from a steel and found their fractal 
dimension to increase toward random (from 1.4 to 1.65, with 2.0 being white noise) as yielding 
is reached. Amplitude distribution also indicated Gaussian behavior. However, Lyapunov expo-
nent and correlation dimension showed no apparent correlation.  They also simulated Gaussian 
behavior from a laser-pulse input on a typical round-bar tensile sample, forming the basis of con-
tinuous AE signals via superposition. The origin of continuous AE signals with Gaussian distri-
bution can be traced to the small source size and the irregular reflections and refractions of sam-
ple geometry. This produces spreading waves that are randomized through bouncing at the 
shoulders and enlarged grip regions. 
 
 Vinogradov and coworkers systematically examined AE from plastic deformation, including 
single crystal studies and successfully extracted a useful parameter in connection to dislocation 
theory of glide, i.e., median frequency, fm [30-32]. It is defined as [30] 

  G( f )df = G( f )df
fm

∞

∫
0

fm

∫  (3) 

where G(f) is the power spectral density function of signal segment being considered. They also 
use the integrated G(f) over the detected frequency range as AE energy, E. Figure 12 gives plots 
of fm and E with the stress-strain curve of a copper single crystal [30]. E values rose with strain 
during Stage I, followed by steady decrease during Stage II. The median frequency was ~250 
kHz in Stage I (with a slight increasing trend), but fm increased to 550 kHz at 40% strain. This 
finding is in common with previous results for single crystals and polycrystals tested in tension 
where the AE power spectral density shifts to higher frequencies with increasing strain [e.g., 34]. 
This trend is viewed in terms of reduced glide distance of dislocations, and resultant increase in 
the number of glide loops. In a dilute Cu-Ge alloy [31] and in Fe [32], however, fm is essentially 
unchanged with strain and other rationales are needed. (cf., Fig. 13) Work on Ge-alloying of Cu 
[31] shows the reduction in the rms voltage of AE, attributed to the raised frictional stress due to 
solution hardening (in turn, increasing fm as more dislocations are needed to account for the re-
duced dislocation velocity). Another alloying effect appeared in the power density spectra, even 
though the experimental setups are basically identical, but twinning becomes active with higher 
Ge content. Work on Fe [32] demonstrates the presence of two types of strain instability and 
their consequences on AE behavior during yielding and necking. Recent activity in simulating 
work hardening with phase-field theory [cf., ref. 34] resulted in some reasonable predictions, 
such as increasing dislocation density with stress squared and increasing fractal dimensions [29]. 
However, some tried to introduce dislocation avalanches, invoking burst AE observed in ice de-
formed near melting point [35]. This has no physical basis. Earlier, such bursts were definitively 
linked to micro-crack observation [36]. It is probably wishful thinking that these computational 
physicists examine complex reality of deformation and AE results. 
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Fig. 12 Values of fm and E with the stress-strain curve of a copper single crystal. (The stress scale 
was corrected per author.) [30] 
 

 
Fig. 13 Values of fm and E with the stress-strain curve of 3N-iron [32]. 

 
AE in Materials Research 
 
Deformation and Fracture 
In the last decade, AE studies of plastic deformation have been limited with the exception of hcp 
alloys of Mg (and Ti and Zr to lesser extent). These materials deform via mechanical twinning, 
which has previously received much less attention than research on dislocation glide. For Mg 
alloys, see [37-41]; Ti alloy [42] and Zr alloy [43]. Most of the AE work on Mg alloys unfortu-
nately used just AE counts, so only indications of AE activities are monitored.  
 
 The most recent paper [37] used modern AE methods (getting PSD, fm and Vrms digitally) and 
obtained corresponding in situ measurement of deformation twins with a third-generation 
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ENGIN-X stress–strain diffractometer at a spallation neutron source in the UK. They used an-
nealed ZM20 alloys (2Zn-0.5Mn) with fine (FG=17 µm) and coarse (CG=114 µm) grain sizes. 
Stress-strain curves and AE (Vrms) are shown in Fig. 14 for both grain sizes in compression (a,b) 
and tension (c,d). Beside the usual high AE activities at yield, AE reflects the nature of the de-
formation twinning, which is more active in compression, and both exhibit tension–compression 
asymmetry. Observed work-hardening behavior is significantly different in tension and compres-
sion, long attributed to twinning. Neutron diffraction provided the twinning volume and residual 
stress during interrupted testing while keeping stress/strain as samples were deformed in the dif-
fractometer. They found that most of the twin nucleation occurred at the onset of plasticity at 
strains <1.5% in both FG and CG samples, whereas plastic deformation at higher strains is gov-
erned by twin growth and dislocation glide. Grain size affected the twin developments with 
strain; in FG, twinning begins cooperatively in many parent grains simultaneously: in CG, twins 
increased progressively over a larger strain range. AE results show the instability of the micro-
structure upon stress relaxation at strains <2% and a gradual stabilization of the microstructure at 
higher strains. This seems to be due to the effect of an increasing number of twins, which act as 
barriers to the dislocation’s movement. This, the authors noted, is only feasible to determine 
from AE study. 
 
 Lou et al. [38] conducted tension-compression cycling experiments and reported untwining 
(or reversal of twinning) activities when stress direction is reversed. Chmelik et al. [39,40] 
showed increased twinning at higher temperatures (Fig. 15) and little effect on AE of having ul-
tra-fine grain sizes.  

 
Fig. 14 Stress-strain curves of FG/CG ZM20 alloys with Vrms values (with averaging time of 10 
ms). Top inserts give Vrms values as bar charts [37]. 
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Fig. 15 Temperature effects on compressive stress-strain curves and AE counts for AZ31 Mg 
alloy (3Al-1Zn) [40]. 
 
 Taniyama et al. [42] utilized advance AE instrumentation to identify the deformation mode 
of AE events observed. They used a Grade 1 Ti (commercially pure Ti) plate with a spherical 
indentation, mounting four small sensors (PAC Pico) on the edges and cooled it to 200 K. At be-
low 230 K (esp. <210 K), twinning started from the area around the indentation. Figure 16 shows 
the waveforms recorded from one such event. The initial P-wave arrivals have two positive and 
two negative polarity results. This fact (and Ch5 waveform from a displacement sensor at the 
epicenter position under the plate) implies the source of this AE event is of Mode-2 shear mo-
tion. This agrees with the expected twinning. From this figure, the rise time of P-waves is ~µs 
and grain size is several hundred µm [42], thus implying the twin velocity of several hundred 
m/s. Further examination of twin dynamics should be worthwhile in Ti and other hcp alloys at 
various temperatures. 
 

 
Fig. 16 Waveforms from a twinning event in Ti-Pd alloy, showing Mode-2 shear [42]. 

 
 Yoshida et al. [44, 45] examined AE behavior of gamma-prime or Ni3Al in single crystals or 
in directionally solidified (DS) condition, some with B additions. With B additions, AE at yield 
increased, but AE in later part of work-hardening stage decreased. In DS samples, AE from the 
work-hardening stage was much more active due to the presence of grain boundaries. The 
authors suggested frictional drag from B and dissociation of APB obstacles for the two types of 
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AE, but no concrete evidence is available. Since this material (also superalloys that contain high 
γ’ content) is used at elevated temperature, AE at their peak strength condition at >1000 K 
should be most interesting. No such study has been done to date. 
 
 Fukaura et al. [46a,b,c] used AE to evaluate the stress, at which constituent carbide particles 
fracture in ultra-high strength steels (JIS SDK11 and its modification, M-SKD11) in connection 
to the fatigue strength study. AE showed that carbide fracture stress increased from 1.1 to 1.8 
GPa with the modification of the composition (reducing C and Cr and increasing Mo and V). 
 
 Reed and Walter [41] correlated AE serrated flow (due to twinning, but labeled as Portevin-
Le Chatelier or PLC effect) in a Mg alloy. Sophisticated models have been published to account 
for the physics of PLC [47, 48]. AE is used to justify some of the assumptions. It remains to be 
seen if the models are valid in explaining various observations. Another theory [49] provides the 
lattice dynamics analysis of plastic deformation. Ravi-Chandler [50] reviewed dynamic fracture 
models and Minozzi et al. [51] used a lattice model for dynamic fracture in a disordered medium 
to correlate AE to internal damage evolution. They find that the cumulative AE amplitudes are 
directly related by a power law to the cumulative damage, namely, the distribution of the AE 
burst energies follows a power law and its exponent being related to the exponent describing 
failure avalanches in quasi-static models. 
 
 Waveform simulation procedure [10, 11] was applied to fatigue tests of high strength (SUJ2: 
1C-1.5Cr) steel. Using an experimental transfer function with source rise time and volume that 
best match observed waveforms, Yonezu et al. [52] obtained AE source parameters (crack vol-
ume and speed). Figure 17 shows that AE begins at the start of da/dN-Stage II and the crack is 
transgranular. AE rises sharply above 8 MPa·√m (near Stage III) in this steel and the crack be-
comes intergranular. Microscopic source analysis indicated that fatigue crack progresses along a 
few grain boundaries accompanied by strong AE signals. As shown in Fig. 18, crack volumes are 
typically several times that of a single grain IG crack. 
 

   
  Fig. 17 da/dN and AE event counts vs.   Fig. 18 Crack volume vs. Kmax [52]. 
  Kmax [52]. 
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 Another work [53] examined torsional fatigue of stainless steel cylinders. AE behavior was 
correlated to microscopic fracture surface observations. Fatigue of Ti alloys was examined by 
classical AE method [54]. Soboyejo et al. [55] introduced mechanistic models for Ti fatigue life 
prediction using AE parameters. They claim that AE counts are related directly to the crack driv-
ing force, ΔK, and the measured AE parameters are also related directly to fatigue fracture 
mechanisms. No evidence is given in support, however, and readers should use caution. A thesis 
[56] used NIST sensors to get Rayleigh waves from fracture toughness samples undergoing 
crack growth. Only wavelet spectrograms are shown and meaningful conclusions cannot be 
drawn. Another guided wave AE work was given at EWGAE27. Using a 2D FE model, Lee et 
al. [57] capably showed that emissions from fatigue crack growth in a plate are Lamb waves and 
that for crack growth of up to 86% of the plate thickness, the A0-mode signal had larger ampli-
tude than the S0-mode signal. Above that, the A0-mode amplitude drops steeply and the S0 be-
comes larger. See Fig. 19 for this behavior. 
 

 
Fig. 19 Amplitude of the S0 and A0 modes from different fatigue crack depths [57]. 

 
 Aggelis et al. [58] used AE parameters commonly used in concrete studies for Al fatigue 
evaluation. Changes in RA values, for instance, increased sharply prior to final fracture, signal-
ing failure mode shift. Shiwa et al. [59] examined ultrasonic fatigue using AE and nonlinearlity 
parameters. On application side, [60] reported fatigue crack detection work on full-size steel 
girders for a bridge.  
 
Phase Transformation 
AE from martensitic transformation has been studied since the 1930’s and has attracted contin-
ued attention in connection with shape memory effects. Van Bohemaen [61] recently established 
that bainitic transformation in steel is also displacive type, like martensitic one. For many years, 
it has been argued that bainite also is a displacive transformation because of surface reliefs ob-
served, but definitive proof has eluded researchers. See [62, 63]. Here, AE from martensitic and 
bainitic transformation was characterized with C45 (0.45C medium carbon steel) and 16MnSi 
(0.16C-1.7Mn-1.6Si) steels using a spot welding machine and wideband AE sensing (PAC WD; 
4 MHz sampling). AE parameters obtained include Vrms, mean frequency, defined by (4) as 

f  = ∫ G(f) f df / ∫ G(f) df)  (4) 

calculated from waveforms recorded (G = PSD), and peak amplitude. Figure 20 shows results 
from C45 steel: a) Averaged Vrms of AE signals generated during bainite and martensite forma-
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tion in steel after spot welding (indicated by W). First peak (B) is bainite formation, and second 
peak (M) is martensite formation. b) The mean frequency is higher during bainite formation. c) 
Peak signal amplitude is shown. The observed difference in the mean frequency has been attrib-
uted to the characteristics of the (jerky) interface movement of the two transformations: the mean 
life time of events is shorter for bainite, and the mean free path is less for bainite if the mean ve-
locity is similar in both. 
 

 
Fig. 20 Phase transformation of C45 steel: a) Vrms of AE signals. B: bainite formation, M: mart-
ensite formation. b) The mean frequency. c) Peak amplitude [61].	  
 
 Yoshida and coworkers have examined AE from Cu-Al-Ni single crystals (one of shape 
memory alloys or SMA) [64a,b], showing systematic variations between two types (super-elastic 
and thermoelastic) of martensitic phase changes under stressing. Event rise times were ~1 µs in 
most cases. Inamura et al. [65] reported pre-martensitic transformation phenomena of α’-
martensitic transformation in 304 stainless steel just above the martensite start temperature. This 
corresponds to the formation of fine α’-martensite particles. A model was presented for marten-
sitic transformation due to thermal cycling, monitored by AE in Cu-Zn-Al [66]. This model ex-
hibits the repetitive bursts of energy under successive thermal cycles in a small temperature in-
terval as observed in AE experiments. It is interesting to note the existence of thermal emissions, 
paralleling AE [67]. 
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 AE from ferroelectrics is an active field of study. Dul’kin et al. [68a] examined using AE 
multiferoic ceramic solid solution of relaxor ferroelectric PFW with ferroelectric PbTiO3 (PT) 
together with dielectric measurement. AE response appeared at Burns temperature, at ferroelec-
tric phase transition temperatures, and at Néel antiferromagnetic phase transitions. Based on de-
tected AE responses, they modified existing phase diagram for PFW-PT system. The same group 
[68b] studied a PZT-based ferroelectric and found that the AE peak intensity is generally propor-
tional to the temperature derivative of the dielectric permittivity, in agreement with a model pro-
posed for a thermally cycled small elastic dipole. Prabakar and Rao [69] suggested a sudden ap-
pearance of burst AE under an applied dc field during temperature decrease cycle indicates the 
structural phase transition from cubic to tetragonal in soft PZT ceramics (PZT-5A, 5J and 5H). 
Phase transition temperature is dependent on applied field, which produced many AE signals in 
the ferroelectric phase. These resulted in two clusters in pattern recognition analysis indicating 
two different source mechanisms, piezoelectric strain (at <2 kV/cm) and strain due to domain 
alignment (2–10 kV/cm).  Pérez-Reche et al. [70] conducted AE study of a giant magnetocaloric 
material, Gd5Si2Ge2, during the paramagnetic-monoclinic↔ferromagnetic-orthorhombic magne-
tostructural phase transition. The detected AE signals showed that avalanches between metasta-
ble states control the transition kinetics. 
 
Coating, Film, Friction and Wear 
AE study of plasma-sprayed thermal barrier coating (TBC) started in 1979 with indentation and 
thermal resistance evaluation [71a,b], but soon extended to that of the thermal cycling perform-
ance for TBC in gas turbine applications [72]. AE has recently been used in finding the nature of 
thermal cycling damages; [73,74] used AE with 4-point bending of thermal fatigued samples, 
trying to evaluate effects of thermally grown oxide (TGO), a critical concern without suitable 
NDE methods available. Park et al. [74] reported that, with longer thermal fatigue, TGO layer 
grew and AE was generated earlier. However, with more cracks and micro-porosity, AE events, 
coefficients, energy and amplitudes decreased. The same authors also showed changes in laser-
induced AE signals as a function of TGO thickness. Such changes may be from the structural 
changes in the TGO, but can be a useful NDE method if confirmed. On this subject, a few doc-
toral dissertations [75a-c] appeared, but their AE approach is conventional.  
 
 Ma and Takemoto [76] quantitatively evaluated thermal shock behavior of plasma-sprayed 
TBC. Bond coat of this TBC was NiCoCrAlTaY (AMDRY997) and top coat, Y-stabilized zirco-
nia, PSZ (Metco204NS). Two of the samples were also PSZ only, thin and thick. Laser provided 
heating source and waveform simulation analysis of AE signals (discussed earlier) was used to 
determine the fracture dynamics of TBC. They used an off-epicenter displacement-sensitive sen-
sor to detect AE signals. These are compared with calculated waveforms corresponding to five 
types of cracking sources, schematically shown in Fig. 21 together with expected waveforms. In 
Fig. 22, simulated and detected waveforms of type A, C and E cracks are compared side-by-side. 
For the simulation, crack volume (1~7 x 10-15 m3) and rise time (1~3 µs) were adjusted to best 
match the observed signals. They found that vertical Mode-I fracture to be the major fracture 
mode under low heat-flux laser power conditions. Lateral or interfacial fracture (Mode-I or II) 
was prevalent under high heat-flux conditions. Delamination (or decohesion) was responsible for 
the eventual coating failure in thin (or thick) TBC. A bond coat is beneficial for improving the 
thermal shock resistance, as expected. 
 
 AE-instrumented scratch tests have been used for adhesion testing of coatings and films for 
some time. Piotrkowski et al. [77, 78] examined this established technique using wavelet trans-
form (WT) analysis. WT of AE signals obtained from scratch tests on hot dip galvanized steel 



 

 300  

samples with different corrosion levels was determined. Depending on damage mechanisms, 
wavelet power was distributed in different frequency bands, which were automatically obtained 
by searching for the relative minima of the wavelet entropy of signals and appropriate clustering 
methods. Correlation between the different mechanisms was corroborated by bispectrum analysis 
(BA). Coating damage was evaluated via the evolution of the wavelet power in a specific fre-
quency band, corresponding to the fracture of the intermetallic phase of the galvanized coating. 
Damage increased with the level of corrosion, but adherence was not dramatically affected. The 
application of two signal-processing techniques, WT and BA, contributed to the consistency of 
the results.  
 

 
Fig. 21 Five types of cracking sources, A-E, and simulated out-of-plane displacement waveforms 
[rearranged Fig. 4, ref. 76]. 
 
 AE is used in examining other films and coatings. Ikeda et al. [79] evaluated polycrystalline 
diamond films with AE to detect ring cracks in indentation test. This led to finding the static 
strength of 3.6~4.0 GPa. The strength under cyclic loading was found as 1.4~3.2 GPa, distinctly 
smaller than the static value. AE method with laser excitation can measure the adhesive strength 
of coating, used for CVD diamond [80]. The same method was used for PSZ and 316L stainless 
steel coating by plasma spray [81]. 
 
 Sause [5, 82] applied his FEM modeling to the analysis of coating failure on composite 
plates. AE from coating failure consists of crack initiation, crack growth and delamination and is 
distinguishable from signals arising from failure of CFRP substrate. Experiment was compared 
to FEM models of AE signals and pattern recognition analysis was applied to separate different 
types of AE signals. 
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Fig. 22 Simulated (left) and detected (right) waveforms for the TBC. Type A crack (A, B); Type 
C crack (C,D); Type E crack (E,F) [Fig. 6, ref. 76]. 

 
 A final note of interest on film/coating is anodized Al under strain. R.G. Liptai’s 1963 disser-
tation [83a] dealt with anodized surfaces as barrier to dislocation glide. A recent work [83b] 
again showed even thin films (2-20 µm thick) contributes to AE in the elastic range. 
 
 Friction and wear have benefitted from the use of AE for a long time. A book on “AE in Fric-
tion” [84] is out recently. Early work on AE was on monitoring magnetic hard disk [85] and this 
still continues with [86] studying the contact behavior of sub-ambient pressure tri-pad sliders 
during start/stop and constant speed operations and finding contact forces to be a few mN. [87] 
studied lubricated sliding contacts with AE detecting the presence of wear-reducing additives 
and the predominant wear process. [88] evaluated tribological behavior with AE of alumina, sili-
con nitride and 52100 steel under dry sliding with a ball-on-flat-disc. Correlations exist between 
the wear rate and the integrated AE Vrms signal, but strong influence of the sliding speed on the 
wear rate was found. [89] conducted wear-life tests of different diamond-like carbon (DLC) coat-
ings on a steel substrate (100Cr6) under slip-rolling friction. AE turned out to be an excellent 
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tool for an in situ estimation of the end of the wear life of the DLC coatings. Under lubricated 
conditions, if a high AE activity was detected, the respective coating failed later in the tests. 
When no high AE activity was recorded, the respective coatings did not reach the failure crite-
rion and were labeled ‘resistant’ to wear. [90] provided a review of the application of AE tech-
niques for monitoring forming and grinding processes. AE generated during the forming proc-
esses is useful for detecting die wear and cracking, friction properties, state of lubrication, gall-
ing, stick-slip, etc. 
 
Corrosion and Stress Corrosion 
Use of AE in corrosion and stress corrosion cracking (SCC) studies started early [91]. (Note 
“cracking” in SCC is most often not from mechanical stress, but stress-assisted rapid chemical 
dissolution, but we will use the conventional term.) Okada et al. [91] showed SCC of 304 aus-
tenitic and 25Cr-5Ni-3Mo ferritic stainless steels in boiling MgCl2 produced no AE because ac-
tive-path corrosion (APC) is the cause. From our present knowledge, this is transgranular (TG) 
type SCC with the use of 143˚C-boiling MgCl2. In contrast, SCC of high strength martensitic 
stainless steel (13Cr-Ni-Mo) in 3%NaCl and in boiling MgCl2 is from hydrogen embrittlement 
and accompanied by AE. Hydrogen evolution in corrosive reaction is detectable with AE 
[92,93a], has steep amplitude dependence [94] and shows resonating waveforms [93b]. Suezawa, 
et al. [92] also measured corrosion potential in AE-SCC study of 304 stainless steel. (It is inter-
esting to note they found a shift to higher frequency in deformation-induced AE of 304, as dis-
cussed earlier [30, 32].)  
 

Early corrosion research was reviewed by Yuyama et al. [94] Most of the early SCC work 
failed to control corrosion potential, however, making it difficult to assess electrochemical condi-
tions. Takemoto [95, 96] reviewed more recent AE work on SCC centering on stainless steels. 
General corrosion contributes to increased AE rms voltage levels and can be distinguished from 
localized corrosion (pitting, crevice, exfoliation, SCC, etc) [97]. Corrosion AE studies are com-
plemented well by the use of corrosion potential fluctuation (CPF) [98] or electrochemical noise 
(EN) [97]. CPF and EN are identical parameters. Pitting in Al alloys generates AE by the release 
of hydrogen micro-bubbles [99a,b]. Initiation of pits is quiet, but growth stage shows two types 
of AE signals [99a]. Jones and Friesel [99c] found no bubbles in pitting of 304 stainless steel and 
suggested that rupture of an oxide or salt cap during pit growth is a possible source of the AE 
with only 1-3% of the pits, or pits larger than 10 µm being active. Yuyama [94] attributed 304 
stainless steel crevice corrosion to hydrogen bubble evolution. Crevice corrosion in spot-welded 
304 stainless steel in 3.5% NaCl at noble potential emitted two types of AE, one from rust crack-
ing, giving broadband signals and the other from hydrogen bubbles with narrow band AE [100]. 
AE is shown to detect the early development of exfoliation corrosion in Al alloys [101]. Differ-
ences in T6 and T7 conditions are evident and Al-2024 is more resistant than Al-7449.  Again, 
hydrogen bubble release is the active AE source. A few other AE mechanisms were suggested.  

 
 Taking advantage of the source function analysis method [10, 11], Hayashi and Takemoto 
[102] showed the high-speed nature of molten chloride attack on stressed 304 stainless steel at 
600˚C to be as high as 67 m/s and discovered fall-off of grains and Mode I and II AE sources. 
Similarly, Fujimoto et al. [103] examined APC type chloride-SCC of 304 austenitic stainless 
steel and showed no AE from TG-SCC produced in 35% MgCl2 at 98˚C, but detected AE from 
IG-SCC, also APC type, in sensitized 304 (caused by 38% MgCl2 at 95˚C, increasing-stress test) 
with fast rise time of 0.17 to 1.0 µs. They used Lamb waves for the analysis. This APC type IG-
SCC is the active one, operative in high-temperature, high-pressure water. This is also caused by 
dilute fluoride and tetrathionic acid (H2S4O6) solutions at room temperature [96]. Yonezu et al. 
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[104] demonstrated the cause of this AE to come from grain fall-off by local corrosion of Cr-
depleted grain boundaries. Here, three types of AE were identified with the source function 
analysis method and CPF: AE from falling-off of grains, fracture of corrosion product and hy-
drogen gas evolution. Figure 23 shows examples of surface and cross section of 304 stainless 
steel that underwent IG-SCC in MgCl2 [96]. Most recently, Kovac et al. [105] reported on AE 
from IG-SCC, attributing ductile fracture ligament as the cause of this AE. In austenitic steels, 
AE from ductile fracture is known to be weak, so their suggested mechanism is not persuasive. 
 

 
Fig. 23 Surface morphology of austenitic steel after IG-SCC [96]. 

 
 SCC behavior of a dual phase stainless steel (DP3) in MgCl2 showed APC-type SCC in 42% 
MgCl2 solution without primary AE [106a]. When this APC-SCC occurs, solution in narrow 
grooves or cracks is changed to strong acidic solution due to hydrolysis reaction of chromium 
chloride with water, and the hydrogen gas evolution takes place in the crack. Though they did 
not confirm hydrogen gas evolution visually, this is consistent with the expected small size of 
hydrogen bubbles. For this material, hydrogen assisted cracking in 35% MgCl2 solution occurred 
with AE [106]. SCC due to ammonia in brass, caused in contact with Mattsson’s solution 
(NACE G37-73) was APC-type and IG-SCC, giving AE as above [106b].  
 
 Aluminum alloys, especially 7000-series with Zn, suffer from SCC in moist air and from salt 
water. This SCC is due to hydrogen effects [107, 108] and is controlled by the Cu content of 
grain boundary precipitates (GBP). SCC rate in NaCl solutions is determined by the rate of ano-
dic dissolution/de-alloying of GBP, which controls the rate of cathodic hydrogen charging of 
grain-boundary regions just ahead of crack tips. For SCC in moist air, anodic dissolution is un-
likely as matching crack-arrest markings accompanying AE are found. Hydrogen generation oc-
curs during crack arrest periods, hydrogen diffusing in along boundaries ahead of crack-tips for 
0.1-0.3 µm, causing rapid crack-growth due to hydrogen-induced weakening of atomic bonds 
with film rupture and/or the hydrogen concentration at a critical level, and crack-arrest and blunt-
ing result [108-110]. 
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 Studies of hydrogen embrittlement (HE) of high-strength steels were of critical importance to 
space technology in early days of AE [111]. Recent work applied the source function analysis 
and deduced details of source mechanisms and their size (source volume) as a function of sensi-
tization in 329 dual phase stainless steel [112]. This steel possesses hardened ferrite phase and 
suffered HE ahead of main crack, while austenite phase exhibited ductile fracture, while the 
steels sensitized at 750˚ and 800˚C showed HE in the ferrite and sigma phases.  Hydrogen charg-
ing effects on sensitized 304 [113a,b] are consistent with grain boundary separation due to hy-
drogen gas accumulation being the cause of observed IG failure [111]. Hydrogen charging in Ti 
behaves differently [42]. Micro-fractures of titanium hydride produced by hydrogen charging 
into tensile loaded titanium caused AE of the Mode-I fracture. Crack opening time was 0.1-0.4 
µs, and crack volume was 0.3-1.9 x 10-15 m3. Finally, AE is used to evaluate the delayed fracture 
susceptibility of high-strength steels [114]. Elastically loaded strip (Almen strip: SAE J4542) and 
slow strain-rate tests (with immersion in aggressive solutions) are used successfully to detect the 
threshold strain to induce the subsurface micro-cracks in the steels. This test method is applica-
ble to evaluate shot-peening effects and trapped and diffusible hydrogen. 
 
Summary 
 
 This paper reviewed recent progress in methods of signal analysis used in acoustic emission 
as applied to materials research. The achievements in understanding of AE from materials during 
deformation and fracture, phase transformation, coating, film, friction and wear, and corrosion 
and stress corrosion were examined systematically (but not exhaustively). There are many im-
portant areas of AE research that this review could not cover, but it is evident that AE has ad-
vanced substantially and contributes to various areas of materials research with increased depth. 
This makes it mandatory for every AE worker to thoroughly survey available literature before 
embarking on a new study. All current and future researchers should take advantage of accumu-
lated body of knowledge, which has become much more accessible via the Internet. They can 
also benefit from the availability of new analytical tools and vastly advanced instrumentation. It 
is hoped that they successfully resolve many of outstanding issues in the near future. 
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