
Chapter 4
Some Methodological Foundations
for Selecting and Processing AE Signals

Alongside the doubtless success of AE diagnostics of materials and structural
elements, there is a number of methodical difficulties in applying this phenomenon.
First of all, there is the problem of ensuring the reliability of AE results and
comparing them with similar ones obtained in various laboratories and research
centers. Such a situation can be explained by the lack of general methodical
requirements concerning the AE testing of materials containing crack-like defects.
To partly close this gap, in this chapter we generalize the approaches to AE esti-
mation of crack growth resistance characteristics of materials, AE testing of
products and structures, and others. Specific features of the AE investigations are
related to the study of the AE and physico-mechanical processes. On the one hand,
they should meet the requirements of fracture mechanics, and on the other [1], take
into account the specificity of applying the AE method [2–4]. The greatest attention
is given to the least investigated problems, such as the criterion for the selection of
the AES generated by cracks among the signals emitted by other sources, the
selection of the most informative AES parameters for crack examination, the
selection of the AET operating frequency, and its location; some of these problems
have been studied theoretically [5, 6]. Here we also focus on some other methodical
aspects of the problem.

4.1 Some General Methodical Guidelines on the Use
of the AE Method in the Mechanical Testing
of Materials with Cracks

Note that there are no universal recommendations for AE investigations because
they are performed in dissimilar conditions under the action of such factors as
temperature, aggressive environment, loading, etc. However, it is possible to make
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a certain systematization of the approaches by generalizing the known theoretical
results and experiments’ data.

In crack growth resistance testing of materials, the chart presented in Fig. 4.1 is
most often used. The force P, created by a loading device 2, passes to a specimen 1
via a strain gauge. During propagation of macro-cracks in it, AET 4 and 5 receive
the elastic waves, which are then passed on as an electric signal to a preamplifier 6
and afterwards to the block of filters 7. The AES selected within a certain frequency
band enter the coincidence block 8, where they are subjected to spatial selection.
The principle behind it consists of the following: the subsequent passage of the
useful AE signal from AET 5 occurs only in the case when AES from AET 4 comes
simultaneously to the coincidence unit 8. Besides the AES filtration, this enables an
additional elimination of the effect of mechanical noises on the results of AE
research.

Next, the coincidence unit 8 opens the AE path (only in the case of the AES
coincidence with AET 4) and useful AES from AET 5 come to the block of data
acquisition 9, from which they can be selected for further processing and analysis.

Fig. 4.1 Experimental
testing setup
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The AES can be simultaneously processed in an analog form by the simplest
production run AE device 10 connected to the fast-acting recorder 11 of the
required parameters. To obtain more complete information on a fracture, a
fast-acting analog-to-digital converter (ADC) of AES 12 or spectrum analyzers 13
connected to personal computers 14 are used. Digital electric signals of loading
forces can be supplied through the corresponding interfaces from a strain gauge 2
and crack opening displacement from the primary transducer of displacements 18,
which are preamplified by a two-channel measuring amplifier 19 and are converted
into digits by a respective ADC 20. A fracture diagram in the coordinates “P load—
crack opening displacement v” can be recorded separately on a graph plotter 21.
Other necessary information is reproduced by peripheral devices 15 (monitor), 16
(digital graph plotter), and 17 (printer).

This setup may be either more complicated or simpler, depending on the
experiments’ tasks and on the available facilities and equipment. For example,
channels for AE recording can be added in order to evaluate the emission source
coordinates; a waveguide of the AE signals [7–9] may be applied for testing at
temperatures different from the ambient or in an aggressive environment; and
spectrum analyzers may be used to investigate the shape or the fine structure of the
AE signals, etc.

Specimens and equipment are prepared for the experiments almost in the same
way as for conventional crack growth resistance tests [1, 10–12]. Taking into
account the above-mentioned, we present some basic ideas of this procedure. The
primary AES transducer should have good acoustic contact with a specimen. For
this purpose, the surface of a specimen is carefully treated in the location of
mounting the AET. To improve the acoustic contact, appropriate auxiliary materials
are used as a layer between AET and IO, and special techniques for fixing the AET
upon the specimen are used [13, 14].

When preparing the equipment, at first the arrangement of a loading device is
studied to predict the probable sources of external noises caused by the machine
drives, friction in joints, and so on. Then the background hindrances are insulated
from a specimen by anti-friction gaskets, appropriate joints, etc.

Preparation of specimens. The sizes of specimens and a method of their
preparation are chosen, taking into consideration the specified tasks of an experi-
ment: the type of a test, the loading mode, chamber size and geometry for making a
required service environment and its parameters, type of the investigated material
and its strength properties, structural features of loading devices, etc. Therefore,
there are no general universally regulated methods of specimen manufacture and
preparation for experimental researches. However, national standards determine
some recommendations that consider the factors listed above. Thus, for instance, for
a sheet metal that is 1–10 mm thick, it is recommended to use plane specimens, and
for 20–100 mm thick, to use compact prismatic specimens subjected to eccentric
tension [1]. In the 10–200 mm thickness range, prismatic specimens are used. For
investigation purposes, cylindrical specimens are manufactured from round
cross-section materials of 12–40 mm in diameter, and from bars of a square or
rectangular cross-section up to 40 mm thick. Geometry and sizes of the specimens
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cut out of the structural shapes, for example a T-section, channel and corner bars,
pipes, etc., are chosen by considering the highest concentration of stresses and
strains in the structural element of a certain type of rolling. In most cases for low-
and medium-strength metals with a relative elongation of d5 � 15% in three-point
bending tests, the specimens that are simple in production and do not require large
loadings during testing are used. In view of the strength properties of materials, the
most universal are eccentric tension specimens.

When preparing specimens, the problem of choosing a specimen thickness or
diameter arises. It is usually chosen considering the elasticity modulus E and the
yield strength of a material ry, except for magnesium alloy specimens. Values of
specimen thickness or diameter recommended for production are proposed in codes
[1, 12, 15].

After choosing the specimen type, the specimen is mechanically processed to the
required sizes, geometry and cleanness of the heat-treated surface. If such pro-
cessing is complicated, a specimen is preliminarily manufactured with a tolerance
not less than 0.5 mm, which is afterwards removed by polishing. Depending on the
specimen type (milling, polishing, sawing through, etc.), electrochemical or
mechanical methods are used to induce notches-concentrators of stresses. A fatigue
crack is induced by the load that does not exceed 0.5 ry for stress ratio R = 0.1…
0.2. For a cylindrical specimen under bending, R = −1.

It should be stressed that in preparing the specimens for AE research, it is
important to prepare the place where the AET will be mounted. Most often it is
prepared by mechanical or electrical polishing after grinding the specimen surface.

During specimen testing using the AE method at temperatures that differ from
ambient, it is necessary to keep the requirements [1, 12, 15] of the corresponding
codes dealing with test peculiarities. In cases of the AET mounted directly on the
specimen, the waveguides of the AE signals are used, and AETs are affixed to them
[16, 17].

Testing equipment. Application of the AE method to the research of strength
characteristics of materials is related to certain requirements ascribed to testing
machines and loading equipment. The basic requirement is a noiseless operation of
the loading devices, since dynamic processes in a deformed material generate AE
signals of insignificant power. If the minimum level of noises of such devices is not
ensured, the information contained in AE signals can be lost in the background.
Apart from noiseless operation, the loading machine should provide necessary
forces and a loading law as well.

In the production-type testing machines, the hydraulic effects in servo-valves as
well as operation of drives and friction in moving joints are potential sources of
noise. For these reasons, many machines are not suitable for AE investigations in
certain frequency ranges without an appropriate modernization. To this end, pro-
ceeding from the structural features of machines, the sources of noise should be
revealed and removed. Thus, in designing the testing machines, the usage of
hydraulic pumps with alternate motion should be avoided. To decrease the impact
force phenomena under a pulsating loading, hydraulic accumulators are used, with
their recharging pumps located outside the machine frame. In mechanical loading
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devices, anti-friction gaskets and Teflon coatings are used to decrease the back-
ground noise caused by the friction of machine parts and units. Sometimes during
loading, certain machine elements come into contact, thus generating
low-frequency background noises in the range of 0.2–200 kHz. This greatly
complicates the decoding of AE data, since these frequencies are often included in
the operating range of an AE device. In order to provide isolation from such noises,
special sound insulators are used that prevent the elastic pulses from reaching a
specimen, or guide bearings are used to reduce the friction between the equipment
units as much as possible [18]. An important factor causing a decrease of
non-informative AE signals is the correct mounting of a specimen in the machine
grips and the absence of plastic yielding of the material of a specimen in places
where it gets into contact with the supports and grips. To improve the protection
against the elastic background vibrations and electromagnetic waves, a machine or
its operating part is placed in a special unit, and mineral fiber pads are placed
between the connecting parts of a machine. These methods of protection against
noises can be used for testing machines in AE investigations of structural materials.

However, even after modernization, many production-type machines are of little
use for precise AE research. Therefore, machines with special loading devices have
been designed for these investigations. They do not practically generate background
noises [18]. There are also testing machines and equipment in which the noise
reduction is accomplished by using a hand drive, vessels filled with water, thermal
expansion and weight, etc., as a loading device. However, these devices have a few
drawbacks; mechanical machines with a hand drive are low-powered and their
application is limited. The devices in which the loading is created by the vessel
weight gradually filled with water are used more frequently. The rest of the original
devices used in the AE investigations do have a drawback: only simple loading
laws are realized.

4.2 Technical Aspects of Preparation for AE Tests

Depending on the goal of the research, the available AE equipment [19–21] and the
method of specimen testing, it is necessary to: (1) select the amplitude-frequency
response of AET; (2) set the AE device operating frequency range that is outside the
frequency band of the noise of loading devices; (3) set the threshold level and
amplification factor of the AE path; and (4) calibrate the primary AE transducers by
simulators. In Fig. 4.2, the simplest set-up for AE investigation of the crack growth
resistance of structural steel specimens under three point bending is presented.

Recommendations for selecting the AET type, the method of its mounting on IO,
and the provision of a reliable acoustic contact between the surfaces of a transducer
and the investigated material were discussed earlier [22–24] and will be briefly
discussed hereinafter. Therefore, here we discuss only the selection of the frequency
band, the threshold level, and the amplification factor. The Kaiser effect is used for
this in laboratory conditions under a repeated-static loading of the specimen without
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a crack by forces that exceed the critical values for a cracked specimen when the
sub-critical crack growth begins. The specimen is loaded up to the values that
exceed the critical load, and then it is unloaded and loaded again. Under a repeated
loading, a lower frequency is selected, the threshold level is increased, and the
amplification factor of a measuring path is optimized until the background noises
vanish. In this case, the selection of the frequency band of noise filtration causes
changes in the average amount of the AE pulses, which are acceptable [25].

During AE research, especially in the operating conditions, it is sometimes
impossible to completely eliminate the background noises, whether mechanical,
electric, or electromagnetic. Such noises can be part of the recorded AE data and
can substantially complicate their decoding and interpretation, and in some cases
can even lead to false conclusions. In this case, additional measures for the AE path
protection are to be taken. For this purpose, in [26] a new effective method has been
developed for the AE examination of cracks separating the AE signals from
mechanical, electric, and electromagnetic noises. First, the remote zones of a
specimen and the adjoining equipment are detected, where the highest values of the
AE signal parameters from a crack and noises, respectively, are expected, and thus
the difference between the arrival time of the signals from a noise zone is less than
the AE event. The AETs with approximately identical amplitude-frequency
response are mounted at these zones. The signals from these AETs arrive at two
parallel similarly sensitive channels. The AES selection modes are set so that AE
signals with almost similar amplitudes pass through the channels (or with a higher
amplitude on the second channel than on the first because its transducer is closer to
the noise area). During crack growth, when there are no noises, the AE signal
passes through the first channel and is absent in the second (or much less than in the
first one), which enables its selection on the AE diagram. Thus, the AES parameters
caused by the crack growth are obtained by eliminating AES that are recorded
simultaneously by all AE transducers with practically identical or somewhat higher
amplitudes originated from the area of noise action (the second recording channel).

Fig. 4.2 Tensile testing of
specimens with application of
the AE phenomenon: 1 is the
specimen; 2 is the primary
transducer of displacement; 3
is the AET; 4 is the strain
gauge; 5 is the loading device;
6 is the preamplifier; 7 is the
block of filters of low and
high frequencies; 8 is the
power amplifier; 9 is blocks
of the AES processing; 10 is
the recording device; 11 is the
amplifier of direct current;
and 12 is the graph plotter
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Before testing, it is helpful to preload a shunted specimen in a testing machine
under a loading that exceeds the critical loading by 10…15% [27] in order to grind
grips and reduce noise in them, i.e., application of the Kaiser effect. In testing, the
AE data and load, displacements, etc., should be recorded synchronously and
continuously. Depending on the purpose and experimental conditions, the recom-
mendations and the type of loading can change.

To compare the results of the AE studies in various laboratories, it is necessary
to know (1) the amplitude-frequency response of AET, its sensitivity and sensitivity
of the whole AE system; (2) the operating frequency range of the system, the
selected threshold level, the specimen material, and the geometry; (3) the AET
location on the specimen and the method of its mounting; (4) the type of loading
device, the method of holding a specimen in grips; and (5) the location of the
loading device elements and the specimens, and so on.

4.3 Selection of Informative Parameters of AE Signals

As already mentioned, modern AE systems permit the recording and processing of
many of the AES parameters: amplitude, pulse duration, frequency spectrum,
number of pulses and events, change of these parameters in time, and others.
However, the amplitude, count rate, and cumulative count of the AE signals are
used most frequently. Using these parameters, the moment of the crack start and
propagation were determined, enabling the evaluation of the corresponding stress
intensity factors (SIF). Here, we will briefly discuss the key aspects of the problem.

Many researchers consider the possibility of establishing the moment of the
crack start using the AE method. For this purpose, it is recommended to record the
AES [28] appearance or a certain level attained by them. However, the first AE
signals arise almost at the beginning of loading and they have small amplitudes
[29], while the AES amplitudes and the cumulative count of AE depend on the
device sensitivity, threshold level, and the selected frequency range [30]. All these
prevent the researchers from obtaining reliable results.

During plastic deformation, the long-term and low amplitude AES are recorded,
while during brittle fracture, short pulses with large amplitudes are recorded [31,
32]. The number of AE pulses is an integral characteristic depending on the signal
amplitude and its duration. When the AES duration increases, the number of pulses
recorded at a constant amplitude, in particular, using a resonance type of AET, also
increases. Therefore, one can expect the appearance of AE signals with small
amplitudes and a comparatively large cumulative count of AES. The initiation and
propagation of micro- and macro-cracks will generate the AE signals with large
amplitudes and a relatively small cumulative count.

These features are effectively used to detect the crack start and the AES iden-
tification from a propagating crack when there are only two mechanisms of the AE
generation, i.e., plastic deformation and a macro-crack growth. However, in some
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materials, additional AE sources appear, e.g., fracture of brittle inclusions or
micro-crack formation. These processes can generate the AE signals that are often
comparable by an amplitude with the AE signals caused by a macro-crack propa-
gation that complicates the interpretation of AE diagrams and the evaluation of the
crack length increment. In this case, the quantitative analysis of some amplitudes of
AE signals is low-effective for evaluation of the crack start in materials that gen-
erate AES of considerable amplitudes under loading before the sub-critical crack
propagation stage. Then it is essential to work out a criterion based on other AES
parameters, such as the signal wave form, spectral features, etc., which would be
effective for this situation.

4.4 Simulation of AE Sources

The methods of AE diagnostics provide a potential possibility of access and
examination of the entire structures and buildings, for which it is very important to
ensure a high level of integrity of elements, such as aircraft, bridges, pressure
vessels, pipelines, etc. The sequence of events causing the AES that could be
detected—namely, the processes of AE source formation, elastic wave propagation,
transformation and processing of AE signals—is presented schematically in
Fig. 4.3 [33]. It follows that in order to clearly determine the AE characteristics and
thus identify the results obtained, it is very important to have the model AE sources
for the AET verification and calibration of sensitivity of the whole AE path. In
particular, the absence of such sources has caused an imperfect testing of materials
and poor AE examination and diagnostics of structures for a long time.

A model source should possess the following characteristics [33]: repeatability,
high reproducibility, and a well-established mechanism of a source action. These
characteristics should be close to the real AE sources and relatively simple to be
applied.

Fig. 4.3 Logical sequence of
the AE event analysis: I is
characteristic of the AE
source; II is wave propagation
in a solid; III is AET
amplitude frequency
response; IV is the AES
processing; V is interpretation
of AE data
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Papers [34, 35] describe one of the first models of the AE sources, i.e., a source
that is simulated by the failure of a glass capillary and satisfies, to a certain extent,
the formulated requirements; this method of simulation was improved later [36].
A glass capillary was replaced by high-quality graphite lead, one end of which is
pressed to the tested object with a constantly increasing pressurizing force until it
fails. Thus, during fracture, the force of a stepwise function type is generated, and
its value is chosen by adjusting the diameter and hardness of the lead. This simple
method is accepted by the standardization groups of AE research in the U.S.,
Europe, and Japan as a standard method of AE verification and calibration of
sensitivity of the channels of the AES selection and processing. The device with the
lead provides a smooth loading and high reproduction of the shape of AE signals
ensuring the process of absolute calibration.

Since the role of the AE source simulators in solving the problems of metrology
prescriptions of the AE research facilities used for non-destructive testing of
materials, products, and structures is very important, their development becomes
very topical. Practical use of the AE source simulators shows that they also enable
solving a number of additional problems related to optimizing the calibration of the
AE facilities. Thus, simulators can be used for (1) checking the serviceability and
adjustment of the channel sensitivity of AE devices; (2) recording the
amplitude-frequency response of primary transducers and their directional dia-
grams; (3) evaluating the decay of AE signals and their propagation velocities in
real constructions; (4) minimizing the measurement errors by the AET rational
location and selection of its orientation; and (5) selecting the optimum frequency
range and the threshold level of the AE signals, etc. [29].

The analysis of the published data shows that insufficient attention has been paid
to the creation of the AE source simulators. Most of the researchers use different
simulators with unknown technical characteristics; moreover, the principles of
simulation have a number of drawbacks. The varying conditions of an acoustic
contact between the AET and specimens result in low reproducibility of the AE
signals, which are simulated and transmitted into the object tested. The mechanical
resonance elements in the simulators lead to a misfit between the shape and the
parameters of the simulated and real AE signals.

Some requirements for the AE source simulator result from the previously
obtained characteristics of real signals: short duration, insignificant energy of a
single pulse, high intensity, etc. (see Chap. 2). The amplitude of the mechanical
displacement in the AE pulse can attain 10−7…10−14 m; a step-wise change in
stresses in a source can take place within the small area of a square millimeter. It is
also necessary to take into account the operating requirements of the AE application
for the non-destructive testing of objects in special conditions. For instance, the
quality control of welding during the formation of a weld requires the AE signals to
be measured and simulated at high temperatures, and the presence of a corrosive
environment or irradiation imposes special requirements for simulator stability or
non-contact simulation. To decrease the AE research errors, it is necessary to
provide a high reproducibility (stability) of signals induced by a simulator.
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In practice, the simulators of the AE sources are based on the techniques of
ultrasonic vibration excitation of a solid by a mechanical impact, reverse piezo-
electric effect, magnetostriction transducer, spark discharge, or a light pulse. The
analysis of these methods shows that none of them fully satisfies all the require-
ments [29].

When a solid—for instance, a ball—strikes the object under investigation, the
mechanical vibrations that have ultrasonic components are excited in the object.
However, to decrease the duration of a contact, it is necessary to increase the
collision velocity that causes the growth of the energy of the excited vibrations.
Calculations show that for the case of a steel ball with a diameter of 5.0 mm, the
duration of a contact less than 100 ls occurs at a very-high collision velocity,
yielding the energy of vibrations introduced in IO, which is not comparable with the
AE.

The methods of vibration excitation by emitting AET based on a reverse
piezoelectric effect consist of the following: AET eigenfrequency is chosen to lie
within the frequency range of the AE excitation electric pulse. Then, AET emits a
sequence of pulses, each of them being a decaying oscillation with a frequency
equal to its resonance frequency. To avoid this phenomenon, it is necessary to
increase the AET resonance eigenfrequency by applying very thin piezoelectric
plates (for high frequencies). This complicates the sonic transmitter construction
and deteriorates its reliability. One of the drawbacks of this method is a direct
contact with the investigated object, a strong dependence of excitation efficiency on
the quality, and the stability of a contact. The application of piezoelectric ceramics
is limited by its relatively low values of the Curie temperature.

A magnetostriction transducer of the AE signals is widely used in experiments as
well [37]. It is excited by the current pulses of 0.5 A, and duration of 3 ls with a
frequency within 10 and 60 Hz. A waveguide in the form of a thin wire with basic
resonance frequency of about 100 kHz is attached to the transducer that ends with a
thin quenched point. Pulses excited in a waveguide in the form of longitudinal
waves pass into the IO through the point pressed to it. The advantage of a simulator
is the point area of transmitting the AE signals into IO and the possibility to
simulate the AES at high temperatures. The disadvantage of the method is the
necessity for an acoustic contact that reduces the reproducibility of the AE signals
that are simulated and transmitted into the IO, and the presence of resonance
elements. Therefore, a pulse duration increases, and it is impossible to adjust its
shape. Besides, magnetostriction transducers effectively operate only at a frequency
of up to 1 MHz, because the coefficient of transformation of the electric energy into
the acoustic energy decreases proportionally to the frequency squared.

The electric discharge between the electrode and the surface of the IO is used as
the AES simulator, which permits the formation of acoustic pulses of high power
and short duration. According to data from the Dunegan/Endevco Company [38], a
spark method is used for piezoelectric AET calibration. No information is given on
the character and parameters of the AE pulses. Although the method actually
provides the point introduction of vibrations, in the authors’ opinion [29] it is still
characterized by a low reproducibility of the elastic AE waves.
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A method of acoustic wave excitation by a laser light pulse has its own
advantages. Some modern solid lasers make it possible to get light bunches of
power up to 1012…1016 W/cm2 with the simultaneous focusing of radiation in the
spot of a diameter of 10…100 lm, creating rather powerful acoustic pulses. This
method does not need an acoustic contact; therefore, it can be used for
high-temperature, hard-to-reach objects. A light spot can be of virtually any con-
figuration, such as point, narrow band, ring, etc. It is easy to inspect the amplitude
of simulation pulses and their high stability. A drawback of this method is the short
duration of a pulse in a single-pulse mode of irradiation and insufficient power of
widely used lasers [29].

The fitting criterion of the simulation action of the AE source and a propagating
defect is the identity of the elastic fields in close vicinity, where elastic waves are
transmitted by a simulator. The fitting is established only by the parameters, which
carry the information on the defect parameters. Instead of the above-mentioned
criterion, it is possible to use the correspondence of the force or the kinematics
effect of the simulator in the area of the vibrations input with the force or kine-
matical conditions on the simulated defect surface, assuming that the latter is on the
input surface.

Some other methods of AES excitation in solids and liquids are also known [25,
28, 39, 40]. They use various physical principles of elastic wave generation and
provide both discrete and continuous AES. These methods have both advantages
and disadvantages and can be used in a laboratory and in production and field
conditions of AE testing of materials and structures. However, progress in the
research of crack growth resistance in structural materials, testing and diagnostics of
products and constructions by the AE signals, brings up the problem of creating
new, more perfect approaches to the simulation of AE signals in order to increase
the reliability of the results, and consequently to provide the reliable operation of
products and constructions.

Simulation of the AE source during evaluation of the static crack growth
resistance of materials. Calibration of the instrumental AE path was done to
compare the experimental results obtained by various authors in various research
conditions. The methods of calibration of the AE channels turn out to be the most
correct if the source of the AE simulation and AET are located directly on the IO.
This is explained by the fact that the change of the place or the method of the AET
mounting can substantially change the character of the response of the system
“AET-IO” and thus affect the results of measurements.

In crack growth resistance testing of structural materials, it is important to
provide a maximal sensitivity of the AE channel by calibration in order to reveal the
early stages of sub-critical crack growth, and especially the moment of its start. It is
known [5] that on the Mode I crack at the moment of its jump on the juvenile
surface, an instantaneous decrease of stresses from the initial level to zero occurs;
this is accompanied by the emission of elastic vibrations. Such single jumps of a
crack very often provide a very small increment in the new surface area (for
instance, for U8 steel it can be (1.3…1.5) � 10−9 m2). As a result, the AE have low
amplitudes of vibrations that propagate in a three-dimensional solid. Thus it follows
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that we should not neglect the AE wave decay during precise AE measurements. It
means that to simulate this decay in a solid, it is necessary to approach, as closely as
possible, the real conditions of the elastic AE wave initiation and propagation in the
material investigated.

It is shown [41] that the AE sources during crack propagation in a brittle body
are mainly concentrated (about 70%) in the internal part of the specimen at a
distance of 2 mm at both sides from the crack propagation plane. In this study, it is
also shown that during a single crack jump in the body, the sequence of the arrival
of AE elastic waves to AET is as follows: First, a longitudinal, then a transversal
wave, then spatial waves reflected from the specimen surface, and, finally, surface
waves arrive at the transducer. The AE vibrations that arose at the specimen surface
continue with a greater amplitude than the vibrations excited inside the specimen
(see also paper [42]). Therefore, the results of AE research will be more reliable if
we model the AE signals from the internal part of a specimen near the probable
plane of the crack growth with the fewest amplitudes and then perform calibration
of the AE tools and AET by these signals. This is the purpose of the proposed
model for the AE source simulation.

Thus, a glass capillary was used for the AE source simulation that maximally
corresponds to a single crack jump. Glass, as the material for a brittle simulator, was
chosen due to its homogeneity and isotropy. This permits, due to breaking the
capillary, generating the same types of elastic waves with approximately identical
characteristics of the AE signals. Figure 4.4 shows a capillary location in a compact
[1] specimen 1 of the investigated material with an induced fatigue crack of a
required length. A cylindrical hole, which nearly reaches the fatigue crack front, is
made in the central part of the concentrator. A glass capillary 2 is inserted into the
hole and clamped by a corresponding filler 3. After preparing the specimen for
testing, the AET is mounted on the specimen, and the AE signals from AET are
transmitted electronically to the corresponding units of AE equipment. The AE path
parameters, such as the amplification factor, threshold level of the AE signals,
operating frequency band, etc., are selected by breaking the capillary with the AES
recording. In this case, the optimum place for the AET location on the specimen
surface is chosen [43].

Fig. 4.4 Chart of a glass capillary clamping in the specimen body, vertical (a) and horizontal
(b) axial cross-sections: 1 is a specimen, 2 is a capillary, 3 is a filler
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Thus, when determining the static crack growth resistance of structural materials
by the AE signals, the proposed method of the AE simulation eliminates the dis-
advantages of the AE source model proposed in [4]. The proposed method, in
contrast to the one shown above, provides (1) a rigid clamping of the capillary end
inside the specimen body that excludes its friction under loading; and (2) excitation
of spatial waves that maximally represent the AE nature during a single crack jump
with the minimum area of a fresh surface in the region of its most probable for-
mation inside the material. The formation of the surface elastic Rayleigh and Lamb
waves [44] is possible only if spatial waves are reflected from the specimen sur-
faces, thus permitting the reduction of their effect on the AE research results to the
minimum by special measures [32].

Simulation of the AE source on the large-scale objects examined under field
conditions. The application of the AE methods for non-destructive testing of
industrial objects requires a very careful calibration of sensitivity of the measuring
channels. This is an especially urgent problem, when the extent of the effect of the
object geometry on the received AE signals, environmental effect, resonance of the
object or the system “object-AET” are not well known. Quite often, when deter-
mining the AE source location on the object under investigation, some AETs have
different sensitivities and respond ambiguously to some types of elastic waves,
which cause an incorrect determination of the AE source and its orientation.

To interpret the results of measurements correctly and to compare them with the
known verified or rated data and determine the degree of safe operation, it is
necessary to simulate the AE sources of a high degree of repeatability with the
approximation of crack-like defects propagation to the real conditions. Thus, the
model of the AE source will be the more effective, the easier and simpler the
simulation of the reproduction of AE signals in the conditions of detrimental effect
of background noises that are plentiful in the industrial and field conditions of AE
diagnostics.

It is known from the laboratory investigations [45] that pressure vessels and
other constructions made of structural steel during sub-critical crack growth can
generate the AE signals with the following gradation of their amplitude values:
(1) weak AE signals caused by plastic deformation; (2) discrete AE signals with
middle amplitudes caused by the fracture and/or separation of sulphide and silicide
inclusions; and (3) the AE signals caused by the growth of a crack with
wide-ranging amplitudes, depending on the local microstructure. Plastic deforma-
tion and fracture or separation of inclusions can arise during the formation of a
plastic zone at the defect tip. Taking this into account, the simulation of AE signals
consists of using the elastic waves emitted during crack propagation in the speci-
mens made of the tested object material. By choosing the proper loading, and by
measuring the crack length increment, it is possible to simulate various areas of
fracture surfaces during an actual crack increment. This permits maximally
approaching the real mechanisms of plastic zone formation and the stages of
sub-critical growth of crack-like defects in the investigated object. Accordingly,
having adjusted the AE equipment using the simulation of the AE sources, effective
diagnostics and testing of objects by the AE signals can be performed [46].
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Figure 4.5 illustrates a scheme of the simulation process. Specimen 1 of the IO
material in the form of a T-cantilever beam [47] with the preliminarily induced
fatigue crack 2 is loaded to some calculated value P. Then, the loading is fixed on
the specimen by a hard insertion 3 [48] and the specimen is mounted on the object 4
through a contact layer 5. Specimen 1 is rigidly attached to the inspected object 4 by
a threaded connection or gluing or soldering, etc., depending on the test conditions.
At some distance from the specimen 1, AET 6 is mounted, which is connected with
a preamplifier 7 by a block of filtration and processing of the AE signals 8, and with
the recording device 9.

The value of the loading force P should be calculated to prevent the propagation
of the existing fatigue crack under a static loading by a rigid wedge. Catalysts are
used to provoke its growth, i.e., the Rebinder effect [49]. When this happens, a
crack begins to grow and move in the direction of the groove 10 to the hole 11,
which stops its further propagation, and plastic deformations appear at the hole due
to the redistribution of mechanical stresses.

A repeated simulation on the same specimen permits selecting the service
conditions of the AE facility, calibrating the AE sensitivity, and choosing the places
of their optimum mounting with corrections for finding the coordinates and ori-
entation of the AE sources. Thus, such an AE source simulation simplifies its
excitation and maximally approximates the levels of signals to the real ones for
different mechanisms of AE generation during propagation of the crack-like defects
in the investigated object.

4.5 Simulation of AE Events at the AET Output

The methods for evaluating the AE path sensitivity of the facilities by excitation of
the elastic AE waves, which arise and propagate in a solid and are received by AET,
are described above. In some cases, in order to adjust the AE equipment units, it

Fig. 4.5 Simulation of the
AE source on IO permitting
optimization of the AET
location (schematically)
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seems promising to use the simulation of stochastic AES, which reproduce the
sequence of the AE events that are expected at the AET output. The principle of the
design and operation of such a device is described in [50].

The method of stochastic decimation of the Bernoulli sequence is realized in the
simulator, which reproduces a stationary quasi-Poisson sequence of pulses with a
given value of intensity of events or an exponentially decaying intensity of events.
The initial intensity value m0 and the parameter, time constant, T0 of its decaying in
time, are preset. The relative difference of dispersions of intervals between pulses at
similar intensity of the flow of the AE events is a criterion of dissimilarity of a
generating quasi-Poisson flow from the actual Poisson flow. The amplitude A0 of
the pulses can be regulated in a dynamic range of 10 dB, and their form at this stage
is described by a cosine function with frequency x exponentially decaying in time
with the frequency x. The parameter c determines the exponential decay of this
function, i.e., an informative component of the electric signal is generated in the
form

AðtÞ ¼
X1
i¼0

A0 exp �c t � tið Þ½ � cos x t � tið Þ½ �v t � tið Þ; ð4:1Þ

with distribution of the number of pulses in time

PðNÞ ¼ kN

N!
e�k; ð4:2Þ

where

k ¼
Zt0 þT

t0

mðtÞdt; mðtÞ ¼ m0

during generation of a stationary pulse flow of the AE events and

mðtÞ ¼ m0 exp � t � t0
T0

� �

during generation of a pulse flow with exponentially decaying intensity. Indicator
function

v t � tið Þ ¼ 1 if t� ti; and v t � tið Þ ¼ 0 if t\ti:

The change in the value of the probability p(tj − t0) of a pulse appearance for the
simulator timing period according to the exponential law
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p tj � t0
� � ¼ pmax exp � tj � t0

T0

� �
; ð4:3Þ

where pmax is the maximum value of probability of pulse appearance in a timing
period, permits managing the value of the parameter T0. The change of the clock
period or clock frequency permits controlling the intensity m0 of a stationary flow
of the AE events.

A simulator (Fig. 4.6) consists of clock-pulse generator 1, phase-pulse frequency
dividers 2 and 3, S-input 4, and three input elements of logical “and” 5, generator of
the pseudo-random uniformly distributed binary numbers (GPUDBN) 6, generator
of digital exponent 7, shaper of output pulses 8 and comparator of binary numbers
9.

During each operation of a clock-pulse generator 1, the next change of the
pseudo-random uniformly distributed number at the outputs of the GPUDBN 6
occurs and l bits of this number are transmitted to the first inputs of a comparator
circuit 9, and other s positions are transmitted to the inputs of the logical element 4.
Pulse flow from the output of clock-pulse generator 1 through the frequency divider
2 with the division factor k is connected to the first input of logical element 5, and
through divider 3 with the division factor k2 to the control input of the generator of
digital exponent 7. Under the control of the output pulses from divider 3, the
sequential output of values of l bit digital exponential function is transmitted from
generator 7 to the second group of inputs of l bit comparator circuit 9. Binary
numbers are compared so that the potential of logical unit appears at the comparator
circuit output only if the pseudo-random binary number is lower than the value of a
digital function. The former of output pulses 8 sets the pulse amplitude, configu-
ration, and polarity. In this case, configuration of the pulses is set by a pulse current
impact excitation of an oscillating RLC-contour. To generate a stationary
quasi-Poisson flow of pulses, the third input of element 5, instead of the comparator
circuit 9 output, is connected with the potential of a logical unit. Then, the value of
intensity

m0 ¼ f0
2sk

; ð4:4Þ

can be set by a corresponding switching of division factor k of frequency f0.

Fig. 4.6 Functional schemes
of the simulator of AE events
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The assigned exponential law of non-stationarity of the pulse flow intensity is
introduced by setting a non-stationary digital function Y(t). Since the sequential
output of the function Y(t) values is realized by the pulses of divider 3, then by
switching its division coefficient k2, it is possible to adjust the rate of the change of
the digital function, i.e., to compress or extend the specified functional dependence
of the pulse flow intensity change in time.

The functional circuit of the digital exponent generator is shown in Fig. 4.7. It
consists of l + a-bit registers 1 and a subtraction circuit 2. Its operation is organized
so that from (l + a)-bit number Y(i − 1), the number Y(i − 1)2−a is subtracted, i.e.,
the same number shifted by a digits to the right (in the direction of the least
significant bits). Then, during the next recording of the result of subtraction in
register 1 under control of the output pulse from divider 2 (Fig. 4.7), the number
Yj = Yj−1 − Yj−1 2−a will be recorded into register 1, which is connected to the
corresponding inputs of the comparator circuit. Thus, generator 7 produces an l-bit
digital exponent.

YðtÞ ¼ Y0e
� t

T0 ð4:5Þ

The simulator of AE events is characterized by the following technical data:

• Intensity of the AE events flow m0 = (1, 2, 5)�10a s−1 (a = −1; 0; 1);
• Basic relative error of setting the intensity dn0\1%;
• Time constant T0 = 0.08 � 2b s (q = 0, 1, 2, 3, 4, 5, 6);
• Relative error of setting the time constant T0 of intensity decay dT0\1%;

Fig. 4.7 Functional circuit of
the digital exponent generator
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• Difference of a generated flow from actual Poisson pulse sequence in terms of
the criterion of relative difference of interval dispersions is less than or equal to
6%; and

• Initial pulses configuration of the simulator F(t − ti) = A0cos[x(t − t1)]exp
[−c(t − ti)], t � ti, where A0 is regulated within the range of (0.2…2) V,
x = (0.3; 0.5; 1) MHz, c = (103; 104; 105) s−1.

4.6 Spectrum of the AE Signals During
Macro-crack Growth

The analysis of the AES spectra can provide important information on the stages of
sub-critical crack propagation. On this basis, it is possible to build the criteria of
assessing the state of structural elements or other products that contain crack-like
defects [32, 51].

The theoretical investigations of the AES structure (including spectrum), have
shown that the narrowing of the AES frequency band with the crack growth
depends on SIF [5, 6]. According to calculations [52, 53], a frequency band can be
of several megahertz, depending on the size of the defects. However, the operation
of AE devices in the megahertz band is complicated for several technical reasons
that can be often avoided: Experimental studies indicate that a frequency range
lower than 4 MHz [54, 55] is sufficient for a crack inspection. Thus, the AES
spectrum is in the range of up to 1 MHz, and an amplitude maximum of the
frequency spectrum is at the frequency of less than 400 kHz [56]. Then, the results
of the tests will only slightly depend on the type of material, AE transducer,
specimen sizes, and the method of AES processing. However, it is known that the
AES spectrum contains information not only on physical processes that generate
AE; it also depends on the specimen geometry and size, as well as the character-
istics of the AE transducers that substantially change the AES generated by a defect
[40, 57–62].

Although the AES spectrum contains important information on the development
of defects, sometimes the data contradict each other. Therefore a method was
developed, and the AES structure was additionally investigated based on it—in
particular their spectra during sub-critical crack propagation. In this way, an attempt
was made to confirm theoretical predictions and technical recommendations on the
choice of the operating frequency band of the primary AES transducer and AE
equipment for diagnostics of the crack propagation stages and mechanisms.

Compact 1201-T 6 � 75 � 79 mm [51] aluminum alloy specimens were tested.
A 35 mm long fatigue crack was initiated on the lateral edge of the specimen.
Specimens were subjected to tension using a special SVR-5 device that provided
smooth manual loading and the almost complete absence of background noises
[18].
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Available AE research equipment of the AF-15, AVN-3, and other types made it
possible to get only the traditional parameters of AES (amplitude, power, duration,
cumulative count, and count rate of the AES), but did not permit analyzing the fine
AES structure, in particular their spectral distribution. Therefore, a specially
designed informative measuring complex was used in the experiments [51]
(Fig. 4.8).

The AET was used as an AE transducer. It is supplied with a set of AF–15
equipment with a pass band of 0.2…2.0 MHz and equal amplitude frequency
response in the frequency range of 175…500 kHz. The AET was fixed by the
clamp to the specimen through a contact layer of a lubricant. A block of two
concatenated preamplifiers from the set of the AF-15 device served as a preliminary
amplifier. The total amplification factor of the block was 70 dB, and a pass band
was from 0.1 to 1.5 MHz.

The testing, selection, and processing of the AES were performed as follows:
Under specimen loading, the crack grew, radiating elastic waves. These waves
reached the lateral surface of the specimen and were transformed by AET into
electrical signals, and then passed on for pre-amplification. From the amplification
unit, the signals passed to the fast-acting F-4226 ADC with the main memory of
1 Kb permitting the storage of information that was transformed into a digital code

Fig. 4.8 A setup of the experimental research: 1 is a specimen; 2 is a loading device; 3 is a
dynamometer; 4 is an AET; 5 is a preliminary amplifier; 6 is a measuring amplifier; 7 is an AE
equipment AVN-3; 8 is a fast-acting recorder; 9 is an ADC; 10 is a dynamic set of the modules; 11
is a “MERA” computer; 12 is a processor of “Elecronika MT-70” equipment; 13 is a display; 14 is
an E-256K quasi-disk; 15 is a translator-display; 16 is a computer; 17 is a monitor; and 18 is a
printer
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with the digitization frequency of 20 MHz. The period of internal timing was
chosen in the range of 50–3200 ns. The digital sound, by sampling 1 Kb from the
internal memory of ADC, was transmitted to the main memory of the fast-acting
“Electronika MT-70” processor, where AES were functionally processed. The data
array obtained was then transmitted to the memory of the “MERA” computer
whereupon, through a display group of the “DYNAMO” AES modules, they were
visualized on the screen. A total time of signal processing was less or equal to 1.5 s.
Using the “MERA” computer, the information was recorded on a quasi-disk with a
capacity of of 256 Kb, and then it was passed on to the PC memory via a translator.
As an indicator, a channel was used that consisted of preamplifiers, an AVN-3
device, and an N-338/4 recorder, where amplitude, cumulative count of AES, and
load were recorded. The AES was analyzed on different sections of the curve “Load
P − crack opening displacement d.”

To obtain correct data from the experiment, at first the amplitude-frequency
response of the “specimen-loading device-AET” system was investigated. For this
purpose, a short-range AE pulse was used that was previously obtained for the
linear section of the P-d curve [51]. The spectrum of such a system had a wide
frequency range of 2 MHz (Fig. 4.9).

For AES, as shown in Fig. 4.10a, the maximum irradiation is at the 630 kHz
frequency. Taking into account the loading diagram, it is possible to assume that the
signals recorded at the initial stages of a fracture diagram were caused by plastic
deformations and micro-cracking at the crack tip.

Under further loading, a sub-critical crack growth affects the spectral charac-
teristics of AES (Fig. 4.10b). Immediately after the crack start detected by an
indicator channel, the frequency band of AE signals narrows jump-like to a fre-
quency of 1 MHz and the spectrum maxima shifts towards the lower frequencies.
For instance, the width of the frequency range (Fig. 4.10c) at the level of 0.7 of
their maximal value, recorded at the middle stage of sub-critical crack growth, is
140…960 kHz. The narrowest frequency band at the point of deviation from lin-
earity on the P-d diagram (Fig. 4.10d) is only 90…530 kHz, and its maximum is at
a frequency of 370 kHz. These AES correspond to the final stage of sub-critical

Fig. 4.9 AFC of the system
“loading device-specimen—
AET”
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crack growth. Thus, there are two important conclusions from the
above-mentioned: Firstly, a jump-like narrowing of the frequency band can be used
as a criterion for identifying the AES caused by the crack growth. Secondly, the
narrow-band AE transducers having the resonance frequency band within 100…
600 kHz should be chosen. The low frequency limiting of the pass band is caused
by significant noises of the loading devices at low frequencies.

As was theoretically predicted [5, 32], the width of the frequency band of AES at
the stage of subcritical Mode I crack growth is inversely proportional to the SIF
square

Df ¼ bK2
I ; ð4:6Þ

where b = 0.25 ac2/ap; a is the proportionality factor; a is the material constant.
Theoretical predictions [63] (Fig. 4.11, solid line) concur with experimental data

(dots) for the value of b = 878.6 (MPa)2m/s. Thus, the width of the frequency band

Fig. 4.10 The spectrum of AE signals at various loading stages: a on the linear section of the P-d
diagram; b at the initial stage of sub-critical crack growth; c at the middle stage; d at the final stage
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can be used for the SIF determination as well as for the calculation of a structural
element strength under condition of its safe exploitation KI < 0.7 KIC.

After crossing the highest point of the P-d diagram, spreading of the frequency
band, the shift of its maximum toward high frequencies, and an increase of the
maxima by 2…3 times are caused—obviously by the fact that in the specimen at the
overcritical stage, the crack propagates not in the initially induced crack plane, but
in a curvilinear manner. As a result, the mechanism of crack propagation has
changed from Mode I to Mode II fracture; this leads, as already mentioned, to the
frequency band extension.

During the Mode II crack growth, it should be taken into consideration that the
AE signals can be generated not only by overcritical crack propagation, but also by
the friction of its faces. The AES with a wide frequency band and with maxima both
at high and low frequencies, were detected up to the complete failure of the
specimen. The width of the frequency band becomes the same as at the initial stages
of sub-critical Mode I crack growth, but with the maxima larger by 2…3 times. The
signals with a narrow frequency band were recorded among the AES with a wide
frequency band, which means that at the overcritical stage, the crack develops due
to various mechanisms. The indicator channel (with the use of the AVN-3 device)
recorded the AES with large amplitudes.

The results were obtained using a certain investigative procedure (Fig. 4.8).
When there is no indicator channel connected to the same AE transducer as the
basic channel, the results can quantitatively differ to some extent. However, the
main regularities established in this way should remain unchanged.

Figure 4.12 illustrates the frequency spectra obtained while evaluating the
durability and static crack growth resistance of various materials.

Thus, with the start of sub-critical crack growth, the frequency band of AES
narrows jump-like, which can be used as a criterion for the identification of AES
caused by a crack. At the stage of sub-critical crack growth, as predicted

Fig. 4.11 Dependence of the
frequency bandwidth of the
AE signals Δf on SIF KI at the
stage of sub-critical crack
growth
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theoretically, the width of the frequency band is inversely proportional to the square
of the stress intensity factor in the range of up to 1 MHz, and at final stages up to
600 kHz. With a crack transition to the overcritical stage, according to the Mode I–
Mode II fracture, a frequency band extends and becomes approximately the same as
at the initial stages of sub-critical crack growth. However, the frequency maxima
differ by 2…3 times.

Fig. 4.12 The AES spectra at the initial (a, b) and final (c, d) stages of fracture of structural
material specimens: a is the smooth cylindrical specimen of a diameter of 4 mm, steel 45, as
delivered; c and d are prismatic precracked specimens of sizes 10 � 20 � 120 mm, 38XN3MFA
steel, three-point bending
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4.7 Directional Diagram of AE Radiation During
Macro-crack Growth

The directional diagram of AE (DDAE), which is an angular distribution of the
AES amplitudes, is very important for AE testing. Every AE source (crack, dis-
location, cavity, etc.) has its inherent DDAE, which is related to the mechanism of
the defect initiation or growth, its shape, and its type. When analyzing the DDAE, it
is possible to develop certain technical recommendations on the most effective
selection of AES and interpretation of the AE data obtained. Such recommenda-
tions, from the viewpoint of methodology, first of all concern the location of the
AET with respect to the crack. For this, it is necessary to take into account the fact
that a crack as a directed source has its own DDAE with maxima and minima [5].
On the other hand, AET, depending on their arrangement, can have different
receiving directional diagrams and, consequently, there are directions of the highest
and the lowest sensitivity of AES reception and detection [64]. Therefore, coor-
dinating the radiation and reception diagrams by choosing the directions of mutual
coincidence of their maxima, it is possible to increase the efficiency of AES
detection and processing without taking additional measures.

At the stage of AE data interpretation using DDAE, the mechanism of crack
formation, its sizes and orientation, defect type, and truth or falseness of the
recorded AES can be established [65]. Below, after a short theoretical substantia-
tion, there follows a description of an experimental method for determining the
DDAE caused by a crack using serial AE devices.

The modern understanding of the acoustic radiation directivity is mainly based
on theoretical investigations [65–68]. We will generalize some of them that deal
with DDAE. First of all, we will pay attention to the investigations, where analytical
dependencies for the DDAE calculation are obtained, simplifying the analysis and
giving a visual pattern of the DDAE.

During the formation and development of a cavity, only one longitudinal wave
emanates. Its directivity depends on the cavity’s shape and on the mechanism of its
formation or growth. If a cavity is a sphere in the center of radial tension, the
radiation will be the same in all directions. In this case, the function of AE
directivity, which describes DDAE, is U(h) = 1 [29], where ORhz is a spherical
coordinate system. If a sphere-like cavity is in a solid under uni-axial tension, then
the directivity of acoustic radiation appears, which is the angular dependence with
respect to the plane of the crack location, and for a longitudinal wave, according to
[68], U(h) = 1 − gcos2h, where g = 2(c2/c1)

2. The same DDAE has a defect, which
is a system of three mutually perpendicular dipoles or a penny-shaped Mode I crack
[6, 63].

The theory of elastic waves radiation by a newly formed or sub-critical crack
was presented in detail earlier [5, 6]; we will relate only to the results concerning
DDAE. Formation of a Mode I or a Mode II crack in an infinite body excites not
one but two types of waves—longitudinal and transversal. Consequently, if during
AE testing only a longitudinal wave is detected, one can conclude that the defect is
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a cavity rather than a crack. Identifying the cracks, one has to take into account that
a Mode II crack generates one wave, which is transversal but not longitudinal.

DDAE is individual for every type of wave and depends on the mechanism of
the crack formation (normal rupture, longitudinal, or transversal shear). For
example, in the far-zone, the DDAE radiation is described for a Mode I crack by the
following functions [69]:

• longitudinal wave

UðhÞ ¼ 1� g cos2 h; ð4:7Þ

• transversal wave

UðhÞ ¼ sin2 h; ð4:8Þ

where angle h = 0 in the polar coordinates Orh corresponds to the plane of the
crack location. Note that in dependencies (4.7, 4.8), only the function of AE
directivity is presented, and the proportionality factors, used in expressions for
calculation of amplitudes, are omitted.

In the case of a crack jump of a half-disk shape, the function of AE directivity of
a longitudinal wave is [63]

Uðg; hÞ ¼ ð1� 2e2 cos2 gÞð1þ cos g1Þ=½ð1þ cR1 cos g1ÞDð� cos g1Þ; ð4:9Þ

where

cos g1 ¼ cos g cos2 gþ sin2 g= sin2 h
� ��1=2

; e ¼ c2=c1; cR1 ¼ cR=c1;

Dð� cos g1Þ is integral, which is found numerically [70]; ORηh are spherical
coordinates. For a transversal wave in a half-space at the crack tip, this function can
be written with sufficient accuracy as (4.8).

Comparison of dependencies (4.7)–(4.9) shows that DDAE depends on the
mechanism of the defect initiation and growth, its shape, and its type. We can
compare the theoretical results obtained according to formula (4.9) and by known
experimental data [65, 71]. Note that in this study, the purposefully made
wide-band and capacitance AE transducers, as well as the AE tools, were used,
which permitted recording only a longitudinal wave in the band of several mega-
hertz. Usually, resonance transducers are used for the AE tests. They do not permit
separating longitudinal and transversal waves. In such a case, the recorded data
represent a superposition of longitudinal and transversal waves, which is why it is
imperative to investigate the DDAE that is the result of these two types of waves.

In paper [69], compact and disk-like 1201-T aluminum alloy specimens of of
120 mm in diameter and 12 mm thick, with a preliminarily induced fatigue edge
crack, were tested for eccentric tension. Since theoretical results were obtained for
an infinite body in order to compare them with the experimental ones, it is
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necessary to decrease the reflection of waves from the specimen surfaces as much as
possible. Therefore, in order to accelerate the decay of the reflected signals, the
specimens were glued with the layers of rubber, which on one side had cuts for
attaching the AE transducer.

AET were installed at various angles to the crack plane (0°, 30°, 45°, 60°, 90°),
and the amplitudes of AES were recorded by five parallel channels. Each of the
channels, except for the AE transducer, had a preliminary AE amplifier, AF-15
device, storage oscilloscope C8-12, and photographic recorder. The measurement
conditions were: the pass band of the AE transducer was within 0.2…2.0 MHz with
approximately identical amplitude-frequency response in the whole pass band, the
amplification factor of the measuring path was 40 dB with the pass band within
0.2…1.0 MHz, and the transmission factor of filters was equal to 1.

Before being measured, the channels were calibrated receiving AES from the
breakage of the graphite lead at the crack tip. Having adjusted the sensitivity of
each channel, various levels of output signals were obtained, with the difference not
exceeding 6%.

While testing the compact and disk specimens, the P-d diagrams and AE dia-
grams were synchronously recorded (Fig. 4.13). By the cumulative count of the
AE, N the moment of the crack start at the linear section of the P-d diagram was
determined. Three characteristic points corresponding to different stages of
sub-critical crack growth were chosen for the analysis: Point I is the initial stage,
Point II the final, and Point III the transitional, i.e., from sub-critical to over-critical
propagation. Test results of compact and disk specimens show the similarity of the
AES shapes recorded by each channel.

Angular distribution of the AES amplitudes (normalized to the amplitude that
corresponds to an angle 0°) was calculated in the polar coordinate system
(Fig. 4.14), assuming for an aluminum e = 0.266 [66] and choosing the function of
AE directivity from a condition A = max(A1, A2), where A1 and A2 are amplitudes

Fig. 4.13 Diagrams “load P − crack opening v” and the dependence of the AES cumulative
count N change for compact (a) and disk specimens (b)
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of longitudinal and transversal waves, respectively, that were recorded by the
channel. The DDAE type of each specimen is the same, i.e., AES were excited by
the same defect—a sub-critically growing crack.

The agreement of theoretical and experimental data is better for a compact
specimen. The ratio of the AES amplitudes, for example, for the angles 0, 45, and
90° is 1:3.5:2, respectively, and by theoretical calculations for a crack it is 1:2.8:2.1.
If we assume that AES were caused by the plastic zone growth, the agreement is
considerably worse. In fact, simulation of the plastic zone development by a dis-
location rupture (constant jump of displacements on the fracture surface) according
to Mode II fracture mechanism [72] at an angle of 45° to the plane of the crack
location gives the ratio of the relative amplitudes 1:7.8:1 (dotted line in Fig. 4.14a).
Theoretical results will substantially differ from experimental data if we consider
that the basic source of the recorded AES is the plastic zone growth. Thus, one
more criterion of identifying the AES caused by a crack and a plastic zone is the
comparison of their DDAE.

For a disk specimen, theoretical and experimental results will differ somewhat, if
we assume that the sub-critical crack grows in the plane of the preliminarily induced
fatigue crack. Therefore, the angle defining the plane of crack propagation is
recalculated. The analysis of the fracture surface showed that in a specimen, the
crack propagates at an angle of 5°, while on a lateral surface at 30°. The best
agreement of theoretical and experimental data is observed if the crack propagates
at a 12° angle to the fatigue crack. Taking this into account, the DDAE is recon-
structed (dotted line in Fig. 4.14b). Then, the ratio of theoretical and experimental
values of amplitudes for angles 0, 45° and 90° is 1:2.2:1 and 1:2.4:1.5, respectively,
which improves their correlation. Theoretical data also correctly coincide with the
experimental results under cyclic loading of the 30XGSNA steel specimens [73].

The investigation of DDAE allows drawing a few conclusions and giving rec-
ommendations. Thus, the DDAE shape is affected by the mechanism of the defect

Fig. 4.14 Theoretical (solid lines) and experimental (symbols) DDAE for compact (a) and disk
(b) specimens for different load values: curves 1, 2, 3 correspond to points I, II, III, respectively; 4
is DDAE for a dislocation rupture; 4′—for a crack turned by an angle of 12°
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initiation or growth, its geometry, and its type. The proper selection of the optimum
place of AE transducer mounting (by adjusting the defect DDAE with the receiving
diagram of the AE transducer) increases the efficiency of AE tests. Using DDAE, it
is possible to evaluate the crack length and orientation, the mechanism of its for-
mation, and identify AES generated by the crack growth and other sources. As a
result, a technical approach for the experimental evaluation of crack growth
resistance of structural materials was developed. The main attention is paid to the
least studied problems: methods of selection of the AES caused by a growing crack
among signals caused by other sources, selection of the most effective parameters of
AES for the crack detection, selection of the operating parameters of an AE device,
and AE transducer location.

4.8 Estimation of AE Signals Caused by Propagation
of Internal Crack-like Defects

A dynamic non-stationary problem on the instantaneous formation of a
penny-shaped Mode I crack in the elastic homogeneous isotropic medium is
investigated in [5, 6, 74]. It is assumed that the initiation of such a penny-shaped
crack takes place when tensile stresses in some region inside the material attain a
certain critical value r0. The appearance of the crack is modelled by an instanta-
neous fall of tensile stresses at the faces of the defects from initial level r0 to zero.

Based on the investigations of the first maxima of a displacement vector module
for longitudinal and transversal waves at the observation angle h h ¼ arctgðz=rÞð Þ
in the range from 0 to p/2, and at distances from the observation point to a source
larger than 30 crack radii, the following approximation expressions were proposed:

For a longitudinal wave

U ðhÞ ¼ 1� 2e2 cos2 h 1þ b1 cos
2 h

� ��1=2
; ð4:10Þ

and for a transversal wave

U ðhÞ ¼ sin2 h
�� �� 1þ b2 cos

2 h
� ��1=2

; ð4:11Þ

where b1 = 0.68, b2 = 2.69, and e ¼ c2=c1, which determine the angular distribu-
tion of radiation with an error less than 4%. Taking into account the dependencies
(4.10) and (4.11) the following approximation fprmulas for evaluation of the
maximal values of the displacement vector modulus were proposed:

~U
�� ��

max cij ¼ air0UiðhÞr20 qc21R
� ��1 ði ¼ 1; 2Þ; ð4:12Þ

134 4 Some Methodological Foundations for Selecting …



where r0 is the radius of a penny-shaped crack, R is the distance to the observation
point, i = 1 corresponds to the longitudinal, and i = 2 to the transversal waves,
a1 = 0.452, a2 = 0.832.

Dependencies (4.12) permit evaluating the size and orientation of a
penny-shaped crack by the amplitude values of AES recorded by AET. For this
purpose, at first the defect location should be found using the method of spatial
location with four AET. Then, the procedure for finding the crack orientation is
reduced to minimizing the following function:

Fðh0; u0Þ ¼
X4
j¼2

Cj � UiðajÞ=Uiða1Þ
� �2

; ð4:13Þ

where Ck ¼ AkRk
A1R1

; Akðk ¼ 1; 4Þ is the AE signal amplitude recorded by the k-th
AET, which is considered to be proportional to the maximum of the displacement
vector module determined by Eq. (4.13), Rk is the distance from the crack center to
the k-th AET, the angles h0 and u0 are assigned in the spherical coordinate system
0Rhu with the origin that coincides with the crack center, aj is the direction of the
unit normal to the crack, functions UiðakÞ are determined by Eqs. (4.11) and (4.12),
for longitudinal (i = 1) and transversal (i = 2) waves, respectively, ak ¼ p=2� hk.
Varying h0 in the range 0; p=2½ �, and u0—from 0 to 2p, for Ck being known from
the experiment, and the values of functions UiðakÞ calculated according to (4.10) or
(4.11) for longitudinal and transversal waves, respectively, we find a minimum
Fðh0;/0Þ and the respective angles h�0 and /�

0, which determine the defect orien-
tation that was sought. Using the dependence (4.4) for the known Rk, Ak, r0 and the
crack orientation, we can calculate its radius.

To numerically verify the correctness and stability of the method proposed for the
determination of a defect orientation by the AE signals, an error of±20% was added
to the values of Ck, which in general are determined experimentally, in comparison
with their exact values found from Eq. (4.12), when we consider a certain case of
mutual location of the crack and the AET system. According to Eq. (4.13) the error
in determining the orientation angles h�0 and /�

0 did not exceed 7%.
Investigating the AE radiation caused by sub-critical internal crack propagation

in a material—in particular, in local regions near its front—is an important problem
of AE diagnostics. To develop a corresponding model of the AE due to a small
crack extension, an elastic body with a plane Mode I macro-crack bound by a
smooth contour L was considered. A crack-like defect is formed under loading at
some point in time, which is assumed to be initial in a small region near the crack
contour where tensile stresses attain a critical value. Unloading its faces from an
initial level to zero causes the emission of elastic waves that are recorded by AET.
To simplify the problem, the formation of a penny-shaped Mode I crack of the same
area at the macro-crack front is considered instead of a micro-defect. It is assumed
that the radius to its contour is considerably smaller than the curvature radius of a
plane macro-crack. Then, instead of the initial problem, there is a problem on the
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displacement field caused by the sudden formation of a penny-shaped Mode I crack
near a semi-infinite crack front.

An approximate solution to this problem in the spherical coordinate system
0Rhu, whose center coincides with the center of a penny-shaped crack, is given as a
product of the components of a displacement vector obtained from the solution to
the problem on a penny-shaped crack formation [5, 6], and functions the CiðaÞ that
determine the effect of a semi-infinite crack-free surface on the angular distribution
of emission in the form [70]:

cos a ¼ cos h sinuþ dð Þ cos h sinuþ dð Þ2 þ sin2 h
h i�1=2

; d ¼ D=R; ð4:14Þ

where cR is the Rayleigh wave velocity, K�ð�Þ are the known functions,

cos a ¼ cos h sinuþ dð Þ cos h sinuþ dð Þ2 þ sin2 h
h i�1=2

; d ¼ D=R;

is the distance between the center of a penny-shaped crack and the tip of a
semi-infinite crack.

Determination of orientation and size of a penny-shaped crack that formed near a
semi-infinite crack front is evaluated by dependencies (4.13) taking into account the
relationship (4.14). For a transversal wave, the angular dependence of radiation, due
to the presence of a head wave in the region of angles a close to cos�1 c2=c1ð Þ, has a
sharp maximum, which substantially complicates the determination of the defect
orientation. Therefore, the advantage in AE investigations should be given to the
reception of a longitudinal wave that is also used for the localization of the AES
source by a triangulation method. The analysis of the displacement fields shows that
the maximal values of displacement are proportional to the area of a new defect that
is proved by experimental results [75, 76]. The angular distribution of radiation for
a longitudinal wave in a plane u = 0 shows that the AES amplitudes A caused by a
micro-defect formation in front of the MC, can be determined by the following
dependence:

A ¼ k SR�1Ud
1ðhÞC1ðaÞ; ð4:15Þ

where Ud
1ðhÞ is evaluated from expression (4.10), and k is the proportionality factor

between an electric signal at the AET output and maximal displacement at the
longitudinal wave front.

If during a sub-critical crack growth, M micro-cracks were formed, the total
increment of a crack area will be

D S ¼
XM
k¼1

sk ¼
XM
k¼1

akAk; ð4:16Þ
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where

ak ¼ Rk= kUd
1 hkð ÞC1 akð Þ� �

:

The increment of a through-crack with a rectilinear front, when the formed
defects go through the whole cross-section of a specimen (the cross-section
thickness being equal to h), can be approximately evaluated by the formula

D a ¼ b=h
XM
k¼1

Ak; ð4:17Þ

where b is the constant to be evaluated from the experiment.
Investigating the free surface effect on AES caused by a penny-shaped crack, the

surface displacements were sought as a product of the appropriate displacements
obtained from the solution to a problem on the instantaneous formation of a
penny-shaped Mode I crack in an elastic space, and the reflection coefficients. They
were found in [77] from the approximate solution to the problem on a penny-shaped
crack propagation in an elastic half-space within the framework of a ray theory in a
wave front approximation. These displacements nearly coincide with the exact ones
for the zone close to the epicenter on the condition that the crack radius is much
smaller than the distance from its center to the half-space boundary. Using the
performed calculations and the dependence (4.6), the following approximate for-
mulas have been obtained for the maximal surface displacement values:

UðkÞ
maxjci ¼ aiUiðhÞr20 qc21R

� ��1
RðkÞ
1 ðhÞ; k ¼ x; y; ð4:18Þ

where RðkÞ
i ðhÞ are the reflection coefficients for longitudinal (i = 1) and transversal

(i = 2) waves, respectively. Calculations made according to (4.18), have shown that
for a longitudinal wave (Fig. 4.15a, b) the maximum values of the surface dis-
placement in the epicenter almost twice exceed the respective values for an infinite
body. For a transversal wave (Fig. 4.16c, d) at small distances from the epicenter,
the character of the change in the surface displacement maximum is more com-
plicated in comparison with a longitudinal wave. By combining formulas (4.15) and
(4.18), we get a relationship:

A ¼ k SR�1Ud
1ðhÞC1ðaÞRðkÞ

1 ðhÞ; ð4:19Þ

that determines the AES amplitudes at the half-space surface caused by an incident
longitudinal wave during sub-critical internal crack growth.

Dependencies (4.14) and (4.19) can be used to evaluate the sizes and orientation
of the local fracture region by AES detected by the system of three AET that are
located in the symmetry plane at a half-space boundary.
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Fig. 4.15 Dependence of dimensionless value of the maximum of the displacement vector
module at the surface of a half-space on dimensionless distance l/d for a longitudinal wave,
d/r0 = 200 for a longitudinal (a, b), and transversal (c, d) waves, the orientation angles η = 0o (a,
c) and η = 75o (b, d): 1 is the incident wave, 2 is the total wave

Fig. 4.16 Methods of the AET mounting on IO by adhesive tape (a), a spring (b), and a magnet
(c): 1 is AET, 2 is adhesive tape, 3 is a spring, 4 is a carriage spring, 5 is a magnet, and 6 is a
diaphragm
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4.9 Methods of the AET Mounting at IO

Modern IO are characterized by a complicated geometrical shape, various physical
properties of structural elements, service conditions, and the like. Therefore, the
methods of the IO testing specify rigorous requirements to provide a reliable
acoustic contact between IO and AET at the place of its mounting. In order to
improve the contact between them, an intermediate acoustic transparent layer is
used.

A thin intermediate layer between AET and solid IO can change the mechanical
resonance frequency of the system and consequently decrease the resistance to
wave propagation at the resonance frequency. This corresponds to an increase of
mechanical quality factor, and to the narrowing of the band pass width of the
system “AET-IO”. The presence of a thin contact of acoustic transparent layer leads
to an increase of the transmission factor by several times in comparison with a
similar factor without the layer [78].

A wide range of techniques for mounting AET on IO are well known: methods
using adhesive tapes (Fig. 4.16a), magnets (Fig. 4.16b), pressed springs with car-
riage springs (Fig. 4.16c), rubber vacuum chuck devices, etc. However, they cannot
always be attached to IO due to their complicated shapes, low quality of surface
treatment, physical peculiarities, etc. Besides, these methods do not always provide
a reliable acoustic contact during product testing and do not ensure its stability in
time. In addition, the devices for the AET mounting on IO with the application of
magnets are as a rule rather bulky and inconvenient to use. Other facilities, in
particular, fastening by an adhesive tape or gluing during deformation of the IO,
frequently turn out to be the additional sources of noise and do not exclude the AET
shift along the investigated object surface, although certain progress in the quality
of the fastening is observed [14, 79].

Paper [80] describes the original device for the AET mounting on IO, which,
being free from numerous disadvantages in traditional methods of mounting the
AET, is still structurally complicated and bulky, and thus can be used only in some
cases. The device (Fig. 4.17) consists of the AET 1, connected to the AE

Fig. 4.17 Schematic of the device for the AES reception with a mechanism of mounting the AET
on IO surface (a); side-view for testing the component with a curvilinear surface (b)
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waveguide 2 through the electro-acoustic transducer 3, screening case 4 and the
mechanism of the AET fastening to the IO surface 5. The mechanism for holding
the AET 1 is manufactured in the form of vacuum chucks 6, their number being
determined by the IO geometry. The chucks are pivotally connected by beam 7,
which act through the pressing regulator 8 on the AET 1. Vacuum chucks 6 are
manufactured as bellows 9, the cavities 10 of which are connected by tubes 1
(Fig. 4.18) to the vacuum pump 4. Between tubes 1, with the common nipple 2 and
the vacuum pump 4, there is a vacuum valve 3 with electromagnetic drive. Pressing
regulator 8 (Fig. 4.17) is manufactured as an elastic element 11 with the strain
sensors 12 and 13 fastened to it. The first one is located on the elastic element 11
from the side of the beam 7, and the second from the opposite side. The other side
of elastic element 11 through the regulative element 14 interacts with AET 1. Strain
sensors 12 and 13 are plugged into an electric circuit that consists of a measuring
amplifier 5 (Fig. 4.18), comparator 6, force-control device 7, relay 8 and vacuum
valve 3 with electromagnetic drive, and a vacuum pump. Measuring amplifier 5,
comparator 6, force-control device 7 and relay 8 are assembled into a common
control unit 15 (Fig. 4.17), which through power socket 16, is connected to the
vacuum valve with an electromagnetic drive for sending commands. Bellows 9
have a ring gasket 17 located on the IO 5 surface with a weld joint 18.

The device works as follows: Using a balance regulator, a measuring bridge of
the pressing regulator 8 is adjusted. Regulating a force-control device 7, a required
pressing force of AET 1 to the IO 5 surface (Fig. 4.17) is found. A control unit 15
and vacuum pump 4 (Fig. 4.18) are turned on. The vacuum valve 3 with an
electromagnetic drive is turned on through the normally closed contacts of relay 8.
As a result of pumping out and air decompression in the cavity 10 of the bellows 9
(Fig. 4.17), the latter get compressed. Through the beam 7, the compressing force is
transmitted to the pressing regulator 8, regulating bar 14 and AET 1. As a result,

Fig. 4.18 Functional circuit
of the AET holding
mechanism control
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deformation of the elastic element 11 occurs; it is transmitted to strain sensors 12
and 13. The deformation of strain sensors results in the change of their electrical
resistance value, which causes unbalancing of the bridge circuit; the unbalancing is
increased by measuring amplifiers 5 (Fig. 4.18) and the increased voltage passes to
comparator input 6. The comparator combines voltage of the amplifier and refer-
ence voltage from the force-control device 7. When the voltage at the amplifier
input 5 reaches the reference value, a positive voltage appears at the comparator
output turning on the relay 8, which consequently turns off the power circuit of a
vacuum valve 3 with an electromagnetic drive. As a result, a spring rod of the valve
3 closes the valve and stops pumping out the air from the cavities 10 of the bellows
9 (Fig. 4.17) by tubes 1 (Fig. 4.18).

An increase of air pressure in cavities 10 of bellows 9 (due to outside leakage)
causes a reduction of pressing forces of the elastic element 11, elastic deformation
of resistors 12 and 13, unbalance of the measuring bridge, turn-off of the com-
parator 6, and turn-on of the vacuum valve 3 (Fig. 4.18) with the electromagnetic
drive. The valve of the latter is turned on until a necessary force of pressing elastic
element 11 is insured, and hence the AET 1 to the surface of IO 5 (Fig. 4.17). To
remove the AET 1 from IO 5, a vacuum pump 4 (Fig. 4.18) and control unit 15 are
turned off and the air is let in by tubes into cavities 10 of bellows 9.

The authors of paper [80] recommend using the device for AE diagnostics of
welded joints in non-revolving joints of a large-diameter pipeline, storage, and
petrochemical pressure vessels for the aviation industry, both during their use and
their production. Such materials as austenitic steels, which are heat-resistant,
heat-proof, cryogenic, etc., and titanium- and aluminum-based alloys, can be used
for pipelines and vessels. This device is less effective in the NDT and technical
diagnostics of cylindrical products with a small radius of curvature and with a
considerable roughness of the IO surface. Thus, the correct use of the methods of
the AET fastening to IO substantially increases the reliability of the AE test results
that are obtained.

4.10 Selection of Useful AES During AE Tests

The experience of laboratory AE investigations and NDT of production objects [2,
9, 20, 24, 25, 29, 45, 51, 81] has shown that the most frequent difficulties in
utilizing the AE phenomenon are related to the noises generated by the working
devices, equipment, etc., and that it is hard to avoid their effect on the experiments’
results. In most cases, various AE pseudo-signals can be observed: mechanical
noises, such as friction in joints, vibrations, impact interaction of separate units,
etc.; hydraulic noises conditioned by flow and leakage, boiling of working liquids;
operation of power units etc., and electric interferences (internal thermal noises of
devices, commutation of power machines and equipment, interferences of thyristor
power control devices, and so on). Therefore, there is always a problem of reducing
the IO noises not only related to the application of the measures described above,
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(i.e., improving the loading machines and devices, calibration of sensitivity of the
AE path for AES selection and processing, correct preparation of the operating
place and the AET mounting, calibration of their sensitivity, application of parallel
channels [82], etc.) but also in connection with the utilization of other technical
approaches, the main of which are described below. Their practical realization is
impossible without the previous detailed study of the parameters of noises gener-
ated in IO in real AE research conditions.

4.10.1 Selection of a Working Frequency Band of AE
Facilities

Figure 4.19 schematically represents the AE elastic wave transformation during its
propagation in IO from the AE source to the AET output which, having its own
geometrical sizes, additionally (except for IO (Fig. 4.20b) modulates an elastic
wave due to its amplitude-frequency response (Fig. 4.20b)).

In production conditions, a mechanical noise (MN) is the most widespread type
of hindrance and they can have the greatest effect on the results of AE investiga-
tions. MN means elastic vibrations of the IO surface, which are not connected with
the AE source action in the IO. Numerous experiments prove [25, 29, 32, 83, 84]
that amplitude-frequency characteristics are conditioned by various mechanisms of
their generation and can differ substantially (see Figs. 4.20, 4.21, 4.22, 4.23 and
4.24).

As seen in Fig. 4.20, a significant decrease in the MN effect during aerodynamic
pipe operation can be expected at a frequency higher than 0.3 MHz [29], and the
noise background of the working power reactor “Dresden 1” [83] is very weak, at a
frequency higher than 0.5 MHz (Fig. 4.21). The MN of roller bearings depends on
the available lubricant (Fig. 4.22) and has two typical frequency domains: in the
range of 0.05…0.2 and 1.0….1.2 kHz [84], while the noise background of cyclic
testing machines is limited by the frequency band of 0.002…0.3 MHz (Fig. 4.23)
[29]. Mechanical loading devices have somewhat better noise characteristics in
comparison with similar hydraulic machines for static loading (Fig. 4.24). The
background noise, which accompanies the leakage of liquids and gases, has its own
amplitude-frequency characteristics (see Figs. 4.25 and 4.26) [85].

Thus, when conducting the AE research, a number of questions arise in relation
to the choice of the operating frequency band of AE equipment, taking into con-
sideration the action of background noise. It is very important to determine the
frequency spectrum of various kinds of noises generated by the equipment oper-
ating in its own or adjacent housing. Having generalized what was presented above,
and the other known data from experiments [86, 87], it is possible to state that
frequency characteristics of noise of various mechanical and hydraulic loading
devices and vibration machines, as well as electric interferences, have particular
frequency bands. The range of the frequency spectrum in MEN is 20…80 kHz, for
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Fig. 4.19 Functions of the frequency distribution of the AE (a) event, response of the solid
surface (b), and the AET (c): 1 is the moment of the AES arrival, 2 is the first pulse, 3 is the
amplitude of an envelope curve, 4 is the envelope curve, 5 is the last pulse, s1 is the rise time of the
wave front of the envelope curve, s2 is the time of decay, s3 is the duration of the event

Fig. 4.20 MN spectra of the
working aerodynamic pipe
(the analyzed band of 1 kHz):
1 is normal service conditions
with a model and a holder, 2
is without a model and a
holder, 3 is the operation of
ejectors only; resonance peaks
of curve 1 at frequencies of
140 and 200 kHz are
probably related to the
conditions of a model and a
holder streamline
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hydraulic machines—20…400 kHz, and the vibration devices generate noises in
the frequency band from dozens of Hz to several dozens of kHz. Electric inter-
ferences have the widest spectrum: from dozens of kHz to the units of MHz.

Fig. 4.21 Spectrum of noises
of nuclear power reactor
“Dresden-1”: 1 is diameter of
a circulating water collector of
560 mm; a flow speed is
7.6 m/s, high-pass filter
(HPF) with a cut-off
frequency of 20 kHz,
amplification of 80 dB; 2 are
noises of a testing system,
with the AET placed on an
external surface; amplification
of 80 dB; HPF with a cut-off
frequency of 20 kHz

Fig. 4.22 Spectrogram of a
roll bearing with the normal
(upper) and insufficient
lubrication (v is the speed of
rotation)

Fig. 4.23 Spectra of noises
of testing machines (the
analyzed band of 0.4 kHz): 1
is an electromechanical drive,
and 2 is a hydraulic drive
(frequency peaks at 340 and
590 kHz are electrical
interferences)
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Fig. 4.24 Spectra of noises of cyclic loading testing machines (the analyzed band of 20 kHz): 1 is
URM-2000, 2 is MUP-20, 3 is UMU-02 (mechanical drive)

Fig. 4.25 The effect of backpressure P0 on the spectrum of leakage noises in a hydraulic
two-positional sleeve-valve at a flow pressure of 20 MPa: 1 P0 = 0, efflux velocity v0 = 20
ml/min; 2 P0 = 0.35 MPa; v0 = 21 ml/min; 3 P0 = 0.45 MPa; v0 = 19.8 ml/min

Fig. 4.26 Typical AE charts
during leakage in a bullet
valve of a diameter of
101.6 mm with the roughly
treated layer and a new
saddle: 1 is pressure drop
ΔP − 0.072 MPa, efflux
velocity v0 = 2000 ml/min; 2
ΔP = 0.045 MPa;
v0 = 2000 ml/min; 3 ΔP = 0;
v0 = 0
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Partly, methods for limitation of noise of all types consist of evaluating the level
of discrimination (threshold level) of the AES selection over the level of noises
(Fig. 4.19c) and in the selection of such a pass band of a device Δf where noises are
the least (Fig. 4.27). As we can see, the radiation energy of noises in the range of
high frequencies is low, and the change in the AE generation character does not
substantially depend on the frequency range of its recording (Fig. 4.28). By
selecting the appropriate values of the threshold level Ug and band pass of the AE
device, it is possible to attain the best transmission of useful AES through the
measuring path for their subsequent processing and recording.

In order to select the most appropriate operating frequency band of the AE
device, it is necessary to take into account the frequency spectra of the AES which
can radiate during the expected defect development. For instance, the method of

Fig. 4.27 Dependence of the
noise spectrum amplitude on
frequency: 1 are vibration
machines, 2 are mechanical
machines, 3 is leakage, and 4
are the AE useful signals

Fig. 4.28 Dependence of the
mean value of the cumulative
count of AES, N, on the level
of discrimination and low
cut-off frequency of the HPF:
1 for 360 kHz, 2 for 110, 3
for 11
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preliminary theoretical estimation of the AES frequency spectrum, which can be
generated during sub-critical jump-like crack propagation, is presented in paper
[32]. It was modelled according to the formation of a penny-shaped flaw at the
macro-crack front [5]. The solution to the corresponding dynamic problem of the
crack theory made it possible to obtain a distribution of amplitudes shown in
Fig. 4.29 in the frequency spectrum of the normalized displacement vector module.

Here, X ¼ 2pfr0=c2, where r0 is the radius of a penny-shaped crack. As shown
in Fig. 4.29, under the condition U0 � 0.7U, the width of the main maximum
ΔX � 0.15. If c2 � 3 � 103 m/s (for steel) and r0 = 2 � 10−5 m, we get the
frequency band Δf = 0…3.6 MHz.

Some researchers, when investigating the initiation and development of mate-
rials failure, have experimentally determined the amplitude-frequency characteris-
tics of AES. For example, it is shown in [88] that the AE radiation spectrum under
mechanical testing of the welded specimen with a faulty fusion has specific fea-
tures. The authors claim that AES can be identified by the amplitude and spectrum
depending on a radiating source. Powerful AES during plastic deformation are
recorded in the range of 0.8…3 MHz with maximal amplitude of about 0.06 V,
when the micro-crack grows—0.35…1 MHz with amplitude to 0.15 V, and when
the MC propagates—0.01…0.6 MHz with an amplitude up to 0.4 V.

The change of the frequency spectrum was also established experimentally in
[56], where brass and steel specimens were tested. It was found that for these
materials, the frequency spectrum is in the range of 0.1…1.0 ÌHz, and the most
optimum operation frequency range is 0.15…0.3 MHz. We should note that the
frequency spectra of AES are related to the mechanism of deformation, and the
obtained investigation results do not depend on the material type, AET, specimen
geometry, and the method of spectral analysis, although some areas of a frequency
spectrum can be explained by the AES resonances that do not affect the main

Fig. 4.29 Amplitude of the
longitudinal wave frequency
spectrum in the far-zone of
radiation
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frequency harmonics. The AES frequency spectrum in a brittle fracture of electronic
chip ceramic substrates lies in the range of up to 10 MHz [89].

Thus, generalizing the above-mentioned, in order to optimize the width of the
operating frequency band of AE device, it is necessary to take into account that the
AES frequency spectrum is wide-ranging: from units of Hz to dozens of MHz.
However, for experimental purposes, it is used as a rule within the range of 0.1…
2.0 MHz. Such a choice is conditioned by the fact that at lower frequencies, a high
level of noise is revealed, while at high frequencies a strong decay of the AE waves
is observed.

4.10.2 Filtration of AES by Instrumental Facilities

In the AE devices, the frequency range of input circuits is formed by setting the
cut-off frequencies of filters, taking into account the selected operating frequency
band and amplitude-frequency response of the AET. The width of the pass band is
chosen by a low-cut filter (LCF) and HPF; the first one sets the upper limit, and the
second sets the lower limit. Therefore, if the values—for instance 500 and 150 kHz
—are set on them, this means that a pass band of measuring path frequencies is
150…500 kHz. In such devices, as a rule, the operating frequency band of the
preamplifier is higher than the similar one in the amplification unit. Therefore, it is
necessary to coordinate the pass-bands of its filters only. Hence, the filters should
satisfy the following requirements [90]: (1) a high slope of the pass band cut-off;
(2) a discrete adjustment by the choice of the upper and lower values of frequencies;
and (3) avoid getting in resonance at cut-off frequencies.

It follows from the above that the frequency filtration of AES is an important
link in the chain in the AE investigations and the key moments of its realization
consist of the following sequence of measures:

• To preliminarily estimate the frequency spectrum of background noise of the
working equipment that effects the IO;

• To preliminarily evaluate the amplitude-frequency characteristics of elastic
wave radiation from the expected AE sources; and

• To choose an optimum pass band of filters, taking into account the frequency
properties of the AET, noises, and useful AES.

4.10.3 Application of the “Dead Time” Mode

According to [29, 33], the AE signals can be classified as waves of a continuous
shape, similar to “white noise,” and as waves of a pulsating shape, i.e., pulses.
The AES of the first type have a low energy level and many low-frequency com-
ponents. They arise, as a rule, during plastic deformations. In the AES of a pulse,

148 4 Some Methodological Foundations for Selecting …



i.e., in a discrete type of wave, the level of energy is high and the spectrum is
characterized by high-frequency components. Such AES arise, for example, at a
brittle fracture of materials. A proposed classification is conditional, because in the
presence of a great number of discrete AE signals—for instance, at high rates of
loading, when the time of their appearance is less than the duration of the AE event
—it is very difficult to separate them. However, at slow jump-like sub-critical
macro-crack growth [6], the signals originating from its jump-like propagation are
well distinguished and are recorded as discrete AE.

In Fig. 4.30, the AE signal obtained at the AET output and its processing is
represented schematically. It is clear that the selection of the AES threshold level
affects the cumulative count and, consequently, the AE count rate. Therefore,
during the noise cut-off, a certain error is introduced into the results of the AE
research that is to be taken into account. Some methods of reducing the effect of
such errors are known. For instance, the electronic units of the AES processing are

Fig. 4.30 AES processing by devices: I is the AE signal against the background noises; II is the
count of pulses that exceed the threshold level; III is envelope selection; IV is formation of the
“dead time” mode; 1 is a noise level, 2 is the moment that the count starts, 3 is the first pulse, 4 is
the envelope level, 5 is the threshold level, 6 is the formation of the width of pulses by their
duration; t1 − t2 t11 � t12

� �
is a period of time when an AE channel is open; t2 − t3 t12 � t13

� �
is when

it is closed
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adjusted to count the number of events that are estimated by the envelope curve
formed by a peak detector (Fig. 4.30, Variant III) or the count is done by the first
AE pulse obtained that exceeds the threshold level, and then the condition of “dead
time” is applied (Fig. 4.30, variant 4). This, evidently, does not solve the problem
of assessing the real number of counts (cumulative count of AE). However, the
application of turn-off of the AE measuring path device for some time
(“dead-time”) enables us to distinguish spurious oscillations arising for these rea-
sons. At first, the elastic AE waves that assist fracture due to the small specimen
sizes are repeatedly reflected from its lateral surfaces, causing new types of elastic
AE waves. All elastic waves, which are additionally excited in the specimen, are
superposed and recorded by the AET. While applying the resonance AET, addi-
tional spurious vibrations caused by the resonance phenomena appear in the AET.
In order to exclude their count from useful AES, an interval of “dead time” is used
after the pulse reaches the threshold value of t1 or t01.

When a certain threshold level for the selection of AES is specified, it is nec-
essary to correctly choose the amplification factor of the AE path, which also affects
the AES transmissions and their processing results. The amplification factor of the
AE path is the sum of amplification factors in dB of the preamplifier and the
measuring amplifier, i.e., the power amplifier. Our experience and the published
data show that for ductile materials, the amplification factor can be of 90…120 dB,
and in the case of brittle materials, it is up to 80 dB. The value of the amplification
factor should be established separately for each case of the AE research.

4.10.4 The Kaiser Effect Application

In almost all cases of the AE investigations, the KE is used for reducing the noise
effect and for specifying the threshold level. The essence of the approach consists of
the following: During the repeated loadings at the level that does not exceed the
previously reached value, the material is “noiseless,” i.e., the AE recorded at the
first loading is not observed (Fig. 4.31); thus, the material “memorizes” the load
previously attained. For high-strength materials, such a “memory” is kept for a
relatively long time. In low-carbon steels, especially at the elevated temperatures, it
is possible to reduce the damage by annealing, and thus to regenerate the AE [91].
Hence, when adjusting the AE facility for noise protection, first the trial specimen
without a crack is put in the grips or on the supports of the loading device, and
stresses by 20…30% higher than the critical values for a similar cracked specimen
are created in it. Then, the loading is gradually decreased—but not to zero—in
order to avoid motions in grips or on supports, and after that the loading is increased
again to the previously attained level. If no AES are recorded in this case, it means
that there are no noise sources (i.e., friction at grips or at supports, noise from
loading devices, etc.). In the case of the KE violation, it is necessary to use special
clamps, sound insulation, and damping to eliminate this effect.
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At high levels of loading, the KE can be violated due to time-dependent pro-
cesses, such as creeping. This is especially typical of the composite structures,
where the KE disappears under the repeated loadings, which makes approximately
50% of a damaging failure load (the Felicity effect [4]). The KE does not hold
during phase transformations, either.

Using the KE, the authors of [27] propose improving the reliability of the AE
information obtained by the mechanical shunting of specimens before their testing.
Shunts are mounted on the specimen’s working part, and the specimen is loaded by
a force that exceeds the damaging force. Thus, using the KE, the noises that would
probably arise during loading in the elements of coupling, grips, and supports, are
eliminated during their grinding to the specimen. Some technical approaches are
known which, based on this effect, provide pressurization before testing the holes
for the installation of the fingers of a loading device grip. For instance, a special
device (Fig. 4.32) is used for this purpose in paper [92]. Similarly, it is possible to
push the balls of a greater diameter and hardness through the specimen holes.

4.10.5 A Method of Spatial Selection of AES

To improve the reliability of the AE information obtained, the method of spatial
selection is also used [93] (Fig. 4.33). Its essence is as follows: If AES 1 is first
recorded by the auxiliary AET 3, and then by basic AET 4, this proves that the AE
source is outside the inspected Zone I. A logical gating circuit of signal coincidence

Fig. 4.31 Schematic of the
KE implementation
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5 in this case closes the input circuits of the AE devices and AES are not recorded.
On the contrary, if at first AES 2 are recorded by PAE 4, the AE paths are open and
AES are subsequently processed.

In paper [94], this method was modified: only AES reflected from the lateral
surfaces of the specimen are recorded, which permits applying two arbitrary AET
mounted on the specimen. The setups of spatial selection require the application of
a computer technique, but at the same time they improve the reliability of AE
information while investigating the material fracture. To increase the resistance of

Fig. 4.32 Method of
pressurizing the holes in a
specimen by load P: 1 is the
specimen, 2 is the support

Fig. 4.33 A chart of the
spatial selection method
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large-scale objects to noise, a method of triangulation is used; this permits deter-
mining the AE source coordinates and thus improves the reliability of information.

4.10.6 Other Methodical Approaches

There are other methods for improving the noise resistance of the AE facilities and
the reliability of the AE information. For instance, the AETs, which are sensitive
only to a certain type of elastic waves or detect only a longitudinal spatial wave in
IO, are used.

Under a cyclic loading, a part of MN within every cycle of loading is generated,
where either useful signals are absent (friction of crack faces during the compres-
sion part of a cycle), or their amount is negligibly small. In such a case, an ordinary
closing of input sections of the AE facility (time gating) in certain regions of a
loading cycle eliminates the noise passing to the equipment.

In some AE facilities [95], in order to eliminate the noise effect on the AE
results, setting a program-controlled selection of only those AES is foreseen; its
time of growth of the forefront of the envelope curve is in the range assigned by an
operator. Moreover, it is possible to determine the time of the envelope decrease,
the time of the pulse after-effect, or to combine these values. Usually, in order to set
the ranges of variation of these parameters, it is necessary to conduct the prelimi-
nary experiments on the IO material specimens.

It is well known [96] that even under uncertain selection of the AE equipment
frequency range, the nature of the AES change during the tests is mainly the same.
The authors validated this idea by testing standard 4340 10 mm thick steel compact
specimens; these were subjected to tension with the parallel record of AES obtained
from a low-frequency AET with the pass band of 2.0…20.0 kHz, and from a
high-frequency AET with the pass band of 0.3…1.0 MHz. The AE information
obtained is almost identical in both cases. The authors emphasize that the AES
spectra do not depend on the specimen size, which concurs with the results of [56].

Summarizing what has been presented above, it is necessary to take into account
the investigation results described in [33]. Using the results of the theoretical and
experimental studies known at that time, the probabilistic scheme of defect detec-
tion in steels under loading up to the stress level of 500 MPa (Fig. 4.34) was
synthesized therein.

Based on a review of a number of published sources, the authors proved that the
AE method, compared with other known methods of non-destructive testing, is
most sensitive to the detection of initiation and propagation of defects in a solid,
and they emphasized that the threshold of detection in Fig. 4.34 in the laboratory
testing is shifted substantially to the left, since in these conditions the least dis-
placement at the IO surface, which is reliably recorded by the AET, is 10−14 m. The
modern AE facilities make it possible to record the motion of single dislocations,
fracture of carbides smaller than 1 lm in steels, lamination, or fracture of such
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inclusions as sulfides and silicides, initiation and coalescence of micropores,
micro-cracks, etc.

Thus, there is a variety of methods for improving the noise resistance of the AE
facilities. Their number grows steadily, and it is necessary to consider this and,
therefore, to combine them in the AE studies. This will also enable correctly
identifying the mechanisms of AES generation.
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