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Preface

A great amount of the industrial equipment in Ukraine long ago exhausted the
lifespan for which it was designed. Its replacement today is either economically
unprofitable or, for various other reasons, impossible. This causes us to use such
objects of durable operation in close-to-critical conditions. To extend the safe
operating life of the equipment, it is necessary to use new, modern methods and
facilities of strength and durability diagnostics. Besides, in some fields of pro-
duction, new materials and technologies are introduced, experience of their oper-
ation under conditions of intensive loading and the aggressive effect on the
environment is insufficient and therefore these objects need to be monitored.

An analysis of the causes of failure of structural materials, which are widely
applied in engineering, the power-generating industry, pipeline transport, aircraft
construction, chemical and oil industry, etc., has showed that in most cases failure
occurs due to the initiation and propagation of crack-like defects. Therefore,
investigation of these processes becomes an extraordinarily important task. It is also
conditioned by the fact that on the one hand, it is necessary to study the mecha-
nisms of defect initiation, and propagation, and to develop on this basis the effective
methods of improvement of the durability, reliability, and other service character-
istics of materials—and on the other to investigate the phenomena that accompany
deformation and fracture of materials and eventually provide bases of new physical
methods of non-destructive testing.

The initiation and development of defects cause a number of accompanying
physical phenomena. The most interesting are those related to the transfer of energy
or matter; they are what allows us to effectively detect the defects and determine
their parameters at certain (sometimes considerably large) distances from their
locations. The radiation of heat, electrons, electromagnetic and elastic waves are
among them.

A phenomenon of elastic wave radiation during the deformation or fracture of
materials, phase transformations and precipitation of second-phase particles, mag-
netic or surface transformations in materials is called “acoustic emission.”
Experience over the last few decades testifies to the great potential possibilities for
the acoustic emission method. It is especially appropriate in situations where it is
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impossible to visually check the cracks’ initiation and propagation because of their
tunneling in material, or when there is no access to the inspected object. The
remoteness of the examination, high sensitivity, and possibility to detect the distant
defects, which exceed their sizes by many orders of magnitude—independent of the
shapes and sizes of the inspected object—the realtime recording of fracture
development and so on, are the advantages that place the acoustic emission method
in the lead among all the known prospective methods of non-destructive testing.

The successful application of the acoustic emission method for the observation
of the state of materials and products is possible only if scientifically grounded
methods and proper facilities for their realization are available. Today, despite a
great number of publications and undoubted progress in the development of
equipment, there are certain difficulties in correctly selecting and applying the
methodological bases of this method.

In this monograph, the physical aspects of the problem are analyzed in detail; the
methodological bases of the practical use of acoustic emission devices, known both
in Ukraine and outside it, are described; the results of theoretical and experimental
research of peculiarities of evaluation of the crack growth resistance of materials are
discussed; and the selection of the useful AE signals, etc., are presented. The
methods’ efficiency is shown in the conditions of diagnostics of multi-purpose
industrial objects. The results of experimental research have been obtained by the
authors with the help of the new methods and facilities, and some of them are
thanks to the support of the Science and Technology Center in Ukraine (grants Nos.
1689, 1628 and 3905).

The authors have made an attempt to synthesize and classify not only their own,
but also other information culled from the literature, in order to create clear
approaches to the practical use of acoustic emission. They hope that the results
presented in this monograph will be of great interest to the specialists who deal with
the problem of non-destructive testing and the technical diagnostics of products and
structures operating in various fields of human activity.

Acknowledgements The authors are grateful to Orest Ya. Tsurkovskyi for
translating and assisting in the preparation of this book.

Lviv, Ukraine Zinoviy Nazarchuk
Valentyn Skalskyi
Oleh Serhiyenko
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Chapter 1
The Generation of Elastic Acoustic
Emission Waves Due to the Fracture
of Solids

A real solid always contains defects that reveal themselves as sharp stress concen-
trators, i.e., cracks. In such cases, the approaches of classic continuum mechanics
cannot be used in calculating the strength of materials. In order to solve the problem,
new strength criteria have been formulated, taking into account the material char-
acteristics that are invariant, both in the models of continuum mechanics and in those
considering the structural peculiarities of the material. These criteria formed the
basis of the theory of strength and fracture mechanics of materials.

It is known that under the effect of an external loading, stress concentration at the
crack tip is formed and the multi-axial stress state arises. As a result, especially at
low temperatures, structural materials can be the subject of brittle fracture. Critical
values of force, strain, or energy criteria were introduced into fracture mechanics as
the parameters that describe the effect of stresses and crack sizes on determining the
characteristics of a material in order to estimate the state of the inspected object
(IO). This enables one to determine the conditions of propagation of the available
cracks that grow in two ways: a stable growth that takes place at increased stresses
in the net-section of the specimen, and an unstable growth that occurs without such
an increase. Thus, fracture mechanics should predict the crack propagation and
determine the capability of machine elements to operate when such crack-like
defects occur. The acoustic emission (AE) phenomenon is a modern,
high-performance tool for the investigation of these processes as well as the basis
for the creation of new methods of non-destructive testing (NDT).

1.1 Some Fracture Mechanics Criteria Under Quasi-Static
Loading of Materials

Fracture is one of the types of strength breaking that can occur in a structure or in its
element due to surplus (elastic or plastic) deformation, or due to the loss of their
stability or division into separate parts. Fracture can be partial or complete. In the

© Springer International Publishing AG 2017
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first case, damages can appear (such as cracks or other structural defects) distributed
over the body volume that cause the mechanical properties of a material to dete-
riorate. At a complete fracture, a solid is divided into pieces.

In fracture mechanics, a material is often considered as a homogeneous isotropic
medium. Cracks in the initial state are assumed to be the ruptures of the material,
the lateral surfaces (edges) of which are separated by an infinitely small distance
with tips of an infinitely sharp geometry. The simplest concept, i.e., linear fracture
mechanics, predicts the linear elastic properties of the material as well. This
statement in the case of metals is satisfied only approximately, since during their
loading, the plastic deformation always takes place at the crack tips, i.e., the plastic
deformed zones appear [1–5]. The concept of elastic-plastic nonlinear fracture
mechanics assumes not only the presence of large plastic deformed zones at the
crack tip, but also a complete material yielding. Depending on the loading orien-
tation with respect to the direction of crack propagation, the following three basic
mechanisms of crack growth are distinguished in fracture mechanics (Fig. 1.1):
Mode I, Mode II and Mode III cracks.

Fracture in a general case is divided into plastic, brittle, and fatigue. Plastic
fracture is caused by a substantial plastic deformation (PD), which occurs over a
whole (or almost whole) volume of a body. One of the types of plastic fracture is
the specimen rupture after the 100% narrowing of the neck during tension that
arises due to the loss of the material capability to resist the PD.

Brittle fracture appears due to the main crack propagation after macroscopically
insignificant PD that concentrates in the crack subsurface region. For a perfect
brittle fracture, PD is absent.

Under quasi-brittle (quasi-elastic) fracture, there is a plastic zone (PZ) ahead of
the crack front and a plastically deformed (work-hardened) material near the crack
surface. The remaining body volume (considerably greater) is in the elastic state.
The term “quasi-brittle” also pertains to a fracture when the stresses in a net-section
are higher than the yield strength, but lower than the ultimate strength value.

Fig. 1.1 Loading modes of a body with a crack
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Fatigue fracture occurs under cyclic (repeated) loading of a body due to the
accumulation of irreversible damages that cause crack initiation and propagation.
The fatigue fracture surface of the material is macroscopically brittle, although the
material is always cold-worked near the fracture surface.

Multi- and low-cycle fatigue is distinguished in the literature. The former, which
is simply referred to as “fatigue,” is characterized by nominal stresses lower than
the yield strength; their repeated appearance in a deformed solid causes a
macro-deformation in the elastic region. Under a multi-cycle fatigue, the number of
loading cycles to a fracture is rather large.

Low-cycle fatigue (or repeated static loading) is characterized by nominal
stresses that are higher than the yield strength, and during each loading cycle with
such a level of loading, the PD rises in the body. Here, the number of loading cycles
that fail is comparatively small.

The most important idea in the fracture mechanics of solids is that a fracture is
interpreted as a process of crack initiation and propagation. Such an interpretation
differs from the classical approaches because it foresees the mechanism of fracture
itself, and a crack becomes the instrument of failure. Thus, the problem of a
limiting-equilibrium state of the deformed solids with cracks, crack propagation
under short-term or long-term action of a specified loading and service environment
on the body, as well as evaluation of the characteristics of material resistance to a
crack propagation (crack growth resistance characteristics), etc., turn out to be of
prime importance.

At the beginning of the twentieth century, the criteria for and approaches to the
assessment of the strength of materials and structural elements were formulated.
They were based on the fact that the continuum with a set of rheological properties
(e.g., elastic continuum) served as a calculation model of the real body, while the
deformed solid element is in one of the following states (Fig. 1.2): continuous
(C-state) or fractured (F-state) [4]. Transition of the element from the C-state to the
F-state (fracture process) occurs instantly, only if the stress-strain state calculated
within the framework of the accepted rheological model attains some critical value
(e.g., tensile stresses at a given point of a deformable solid attain the ultimate
strength σb).

Such a classical approach to the materials in the brittle state, whose structure
contains sharp, crack-like defects, does not make it possible to solve the problem of
their strength since it does not consider the special stress-strain state of the material
at the tip of the sharp, crack-like defect during deformation of the body. This is
conditioned by the fact that the rounded radius of the stress concentrator is com-
measurable with the structural parameters of the material.

The basic idea of a non-classical approach (fracture mechanics of materials) is as
follows: It is assumed (Fig. 1.2) that transition of the deformed body element from
the C-state to the F-state takes place through an intermediate state (I-state), which is
to be taken into account when solving the problem of the strength of a body
containing crack-like defects. The basic feature of the deformed solid regions,
where the F-states (process zones) arise, is that their material is always deformed
beyond the elastic limit and just there the plastic yielding, interaction with service
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environment, diffusion processes, material damaging, and other phenomena are
most intensive, eventually determining the local fracture of the material, i.e., the
C → I → F transition.

Thus, the non-classical fracture scheme foresees the account of F-states at the
sharp defects in the deformed body and, first of all, the crack-like defects—stress
concentrators whose curvature radius is commeasurable with the typical size of the
material element structure. Thus, when assessing the strength of a solid, it is nec-
essary to take into account its local physico-mechanical properties—for example, its
ability to resist crack propagation, i.e., its crack growth resistance. For the account
of the material F-states within the framework of continuum mechanics, it is nec-
essary to introduce new (in comparison with classic ones) calculation models,
concepts, and criteria. Since stresses, deformations and energy are the main char-
acteristics of material behavior control at the crack tip, all criteria of fracture
mechanics, similar to the classic strength theories, are subdivided into energy, force
and deformation criteria.

1.1.1 Energy Criteria

Griffith started the development of brittle fracture criteria by introducing the energy
criterion [6]. This criterion uses the principle according to which a crack initiates in
a brittle body only on the condition that the rate of elastic energy release during
crack propagation exceeds the increment of the crack surface energy.

@

@l
U p�; l1ð Þ �W p�; l1ð Þ½ � ¼ 0; ð1:1Þ

Fig. 1.2 Non-classical
fracture (schematically)
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where U l1ð Þ is the surface energy of a crack; W p�; l1ð Þ is the elastic strain energy,
conditioned by the opening of a crack of length 2l0 under the effect of an externally
applied load p; p* is the maximum value of p.

If, according to Griffith, the surface energy density γ is assumed to be the
material constant, then using the energy balance (1.1), we get the critical value of
stresses σc, at which unstable growth of the crack of length 2l0 occurs:

rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cE=pl0

p
ð1:2Þ

for the plane stress state (PSS) and

rc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2cE=pl0ð1� m2Þ

p
ð1:3Þ

for the plane deformation state (PDS); where E is the Young’s modus; ν is the
Poisson’s ratio.

Irwin [7], Felbek and Orowan [8] modernized the Griffith approach by replacing
the surface energy density γ by a specific study of PD γef, which are concentrated in
the small zone of a material near the crack tip. Thus, the local PD at the crack tip are
accounted for by the introduction of the effective surface energy for the formation
of a new surface area unit.

In the papers by Morozov [9, 10], in the case of a perfectly elastic body, the
energy criterion of limiting equilibrium of the bodies with cracks takes into account
the law of energy conservation during a real or virtual crack increment:

dA ¼ dW þ dC; ð1:4Þ

where δA is the mechanical work of external forces; δW is the volume potential
energy of elastic deformation of the body; and δΓ is the fracture energy.

Cherepanov [11], using the idea of a “fine structure” of the crack tip, proposed a
generalized energy approach to a description of the crack propagation in materials
with arbitrary rheological properties:

R
Z2p

0

QþK � Bð Þ cos h� P½ �dh ¼ 2c: ð1:5Þ

Here R is the radius of a circle with a center at the crack tip, the size of which is
small in comparison with typical linear sizes of the crack and the body; Q is the
intrinsic work of internal forces; K is the kinetic energy; B is the work of volume
forces; P is the work of surface forces (Q, K, B, and P are calculated directly from
the singular solution of the problem); and θ is the angle of the polar coordinate
system with a center at the crack tip.

For large plastic zones near the crack tip, the Griffith-Orowan criterion is
incorrect. In this case, the criterion of R-curves, introduced by Irwin and Kies, is
used [3] (Fig. 1.3). It is based on the balance of the rate of release of elastic strain
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energy and the energy of crack propagation. Material resistance to the crack
propagation in this case is determined by a specific work GR during crack growth
due to a release of the elastic strain energy, which is known in the literature as the
intensity of elastic energy release G1. Then, the criterion can be written as follows:

G1 ¼ Rc ð1:6Þ

where Rc is the specific material resistance to the crack length increase when a
spontaneous fracture begins.

The drawback of R-curves is that the R parameter depends not only on the crack
increment but also on the loading conditions and specimen geometry. For an infinite
plate with an internal crack of a length of 2l0, the following equality is satisfied:

G1 ¼ r2pl0=E
0: ð1:7Þ

where E0 ¼ E for PSS, and E0 ¼ E= 1� m2ð Þ for PDS.
The limiting-equilibrium state of plastic materials can be also described by the J-

integral, which is based on the Rice-Cherpanov energy approach [11, 12]. The idea
of the approach is as follows: A large PD near the crack tip significantly affects the
intensity of the elastic energy G1 release. To evaluate this effect, it is essential to
find the exact solution of the elasto-plastic problem on distribution of stresses at the
crack tip. However, this proved to be a very complicated problem, and the indirect
method incorporating the following expression is proposed for this purpose:

J ¼
Z
C

Wdy� Ti
du
dx

ds
� �

: ð1:8Þ

where Γ is the closed contour that bounds some region around the crack in the stress

field; W ¼ W x; yð Þ ¼ W eð Þ ¼ Re
0
rijdeij is the strain energy of a unit volume; Ti ¼

rijnj is the vector of stresses perpendicular to the contour Γ and directed outwards; u

Fig. 1.3 Schematics of R-
curve: GI is the beginning of a
stable crack growth and GC is
the unstable one
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is the displacement in the direction of Ox axis; and dS is the element of contour Γ
(Fig. 1.4).Afigure in [12, 13] illustrates that for the elastic case, the following equality
is valid:

G1 ¼ J: ð1:9Þ

This means that the intensity of elastic energy release can also be evaluated by the
J-integral. Thus, it is reasonable to assume that at critical values, the equality is not
violated. With the development of investigations of the energy criteria based on the
balance of the supplied and released energy, the obtained results were systematized
in [14, 15].

Local energy criteria that are based on the calculation of the strain energy density
for an imaginary cylindrical specimen in the prefracture area with the account of the
stress intensity factor (SIF) were proposed in paper [16]. It is assumed that fracture
begins when the critical density of the strain energy is attained at a certain critical
distance from the crack tip. At present, the application of the energy local and
global fracture criteria to the engineering practice appears to be complicated due to
the mathematical problems.

1.1.2 Force Criteria

Under the action of the field of tensile stresses applied normally to the crack plane,
depending on the specimen thickness near the crack contour, the stress state with
various degrees of multi-axiality is formed. For thick specimens, the PDS arises, at
which there is no lateral deformation over the specimen thickness, i.e., ez ¼ 0, while
in thin specimens, the PSS appears when stresses disappear over the specimen
thickness, and condition ez ¼ 0 is valid. In the coordinate system Oxyz (Fig. 1.5) for

Fig. 1.4 A crack and an
integration contour
(schematically)
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the stress components at the crack tip 0\r� l, we can get approximated equations
with taking into account results, presented in [17–19]:

rx
ry
sxy

0
@

1
A ¼ KIffiffiffiffiffiffiffiffi

2pr
p

f1ðhÞ
f3ðhÞ
f5ðhÞ

0
@

1
Aþ KIIffiffiffiffiffiffiffiffi

2pr
p

f2ðhÞ
f4ðhÞ
f6ðhÞ

0
@

1
AþOð1Þ: ð1:10Þ

Here, KI = KI(p, l), and KII = KII(p, l) are the SIF that are the functions of load p,
crack length 2l and a body geometry, but they are independent of the coordinates
r and θ; O(1) is a limited value when r → 0.

Irwin [20], proceeding from the concept of the limiting SIF values, proposed a
force criterion for determining the crack start in a deformed solid under quasi-static
loading. Accordingly [4], a Mode I crack (KI ≠ 0; KII = KIII = 0) begins to grow
under a condition: KI* = KI(p*, l), i.e. KI (p, l) for p = p* at the given point of a
contour becomes equal to a certain (constant for this material) value of KIC (or KC

for thin plates)—the experimentally evaluated characteristic of static crack growth
resistance of the material [21]. This criterion is written as follows:

K�
I ¼ KIðp�; l0Þ ¼ KIc: ð1:11Þ

For an infinite plate under stress σ, and which contains a crack of the length 2l:

KI ¼ r
ffiffiffiffi
pl

p
ð1:12Þ

or for a specimen of the thickness t and width b, Eq. (1.12) is written as follows:

KI ¼ r
ffiffiffiffi
pl

p
� Yðl=bÞ: ð1:13Þ

For brittle fracture, as Irwin showed, equalities (1.1) and (1.11) are equivalent, as
well as expressions (1.5) and (1.11).

Fig. 1.5 A plate with an
internal crack and a system of
coordinates
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Thus, the Irwin force criterion (1.11) is valid for quasi-brittle bodies with cracks
when characteristic size of the prefracture zone is considerably less than that of a
macro-crack (MC) (self-similarity condition) and enables one to simplify the
complicated calculations of the elastic energy release, true surface energy, and work
of local plastic deformations that are used in other approaches and criteria. Based on
the obtained dependences, Irwin considered a relation between the force fracture
criteria and the stress state at the crack tip, and showed the equivalence of the
energy and force approaches:

KIc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ec
1� m2

r
: ð1:14Þ

Mathematical relationships of self-similarity conditions for this criterion, together
with the fracture criterion, form a closed calculation model for evaluating the
limiting equilibrium state of the cracked body.

Similar to the Irwin criterion, the condition of Mode II crack start (KI = KIII = 0)
can be represented as:

KII� ¼ KIIc; ðKII� ¼ KIIðr�; lÞÞ; ð1:15Þ

and for Mode III crack (KI = KII = 0), it is written as follows:

KIII� ¼ KIIIc; ðKIII� ¼ KIIIðr�; lÞÞ: ð1:16Þ

A principal difference of the values in the left-hand and right-hand parts of criterion
relationships (1.11), (1.15) and (1.16) is that a principal difference of the values in
the left-hand and the right-hand parts of criterion relationships (1.11), (1.15) and
(1.16) is that K�

I , K
�
II , K

�
III represent the geometrical shape of the cracked body and

its loading conditions, while KIc, KIIc, KIIIc are characteristics of the material which,
similarly to the yield strength and ultimate strength, residual elongation, etc., rep-
resents a certain property of the material-resistance to crack propagation, namely
crack growth resistance.

For a micro-heterogeneous body, in which various fracture mechanisms are
simultaneously realized for their particular elements, functional dependence that
describes some bounding surface in coordinates (KI, KII, KIII) for this material, at
which a crack passes from the stable to the unstable state, begins to grow as
follows:

FðKI;KII;KIII;CiÞ ¼ 0 i ¼ 1; 2; 3; . . .ð Þ: ð1:17Þ

After this, it will take another form:
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KI

KIc

� �m1

þ KII

KIIc

� �m2

þ KIII

KIIIc

� �m3

¼ 1: ð1:18Þ

Here, m1, m2, m3 are material constants. Criterion relationship (1.18) in some cases
well describes the fracture of a wide range of structural materials.

When the criteria (1.11), (1.15), (1.16) and (1.18) are satisfied, it means that the
limiting-equilibrium state of the body with a crack has been attained. However, the
crack propagation in this state can be both stable and unstable. In the first case, the
crack is unmoving under the constant load and, for the increment of its length or
area by an insignificant value, a small increase of the external load is required. It
means that if, from the fracture criterion, the relationship between external loading
σ and crack length l is found, then for a stable crack, the following inequalities

dr
dl

[ 0 or
dKi

dl
\0 i ¼ I; II; IIIð Þ ð1:19Þ

are satisfied.
If the Ki factor increases with the growth of loading and crack length, then from

the condition of the Ki constancy in the limiting state, the second inequality in
(1.19) is satisfied.

In the unstable state, an equilibrium crack starts to propagate when the critical
load value, found from the criterion of equilibrium, is attained. In the overcritical
region, it can grow under a constant load. The region of unstable equilibrium is
characterized by the following inequalities:

dr
dl

\0 or
dKi

dl
[ 0: ð1:20Þ

To prevent a complete failure, it is important to know which type of the limiting
equilibrium it is attributed to. If it is a stable one, there is no danger of an instant
fracture of a component or a structural element, but if the limiting equilibrium is
unstable, there should be no crack.

Since the limiting equilibrium state of brittle or quasi-brittle bodies (the bodies
that are in brittle or quasi-brittle states, respectively) with cracks is likewise cor-
rectly determined both by force and energy fracture criteria, then there should be an
unambiguous relationship between their basic parameters (crack growth resistance
characteristics). To find this relationship, the elastic energy in a cracked body, e.g.,
for Mode I crack, should be determined by the KI factor and substituted in the
corresponding inequalities under condition KI → KIc. As a result, we obtain for
PDS

K2
Ic ¼

EgIc
1� m2

ð1:21Þ

and for PSS
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K2
c ¼ EgIc: ð1:22Þ

Here, gIC ¼ 2c for brittle bodies and gIC ¼ JIC for elasto-plastic bodies.
Dependences (1.21) and (1.22) should be used when energy and force criteria are

jointly applied to the assessment of the strength of elasto-plastic bodies with cracks
by one criterion, while the material crack growth resistance characteristics are
assessed by another criterion that is easier to realize from the technical point of
view.

In paper [4], the force criteria of strength, accounting for the critical stresses in
deformed solids, are synthesized.

1.1.3 Deformation Criteria

When evaluating the crack growth resistance of materials with a large PD at the
crack tip (for example, medium- and low-strength steels, etc.) the self-similarity
conditions are not satisfied and the Irwin force criterion in this case is incorrect,
since it does not take into account the physical and geometrical non-linearity of
strain. In this case, the deformation criteria for cracked bodies, accounting the local
and global deformations, are used [22, 23].

Considering that the crack propagation begins in an elasto-plastic body at critical
stress σ* (Fig. 1.5), then according to classical deformation strength criterion, we
can write

emaxðl; r�Þ ¼ ec; ð1:23Þ

where emax is the maximum tensile strain in the process zone, and ec is the threshold
tensile strain of the material.

Evaluation of the value of emax is very complicated for various reasons. To
simplify, we can select an elementary volume of the height of h at the crack
contour. Its elongation during material deformation is equal to the crack tip opening
displacement (Fig. 1.6). According to [4]

emax l; rð Þ ¼ dI l; rð Þ=h: ð1:24Þ

Assuming that dc ¼ hec, we get

dI l; r
�ð Þ ¼ dIc: ð1:25Þ

This critical crack opening displacement criterion (COD criterion) describes the
limiting-equilibrium state of the elasto-plastic body with a crack as the moment
when the crack opening displacement d1 l; rð Þ attains the critical value dIC [22].
Consequently, the crack begins to grow, regardless of the specimen geometry and
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the plastic zone size. This criterion forms the basis of models, where cohesive
forces in the crack tip are considered [24–32].

Today, the calculation δc-model of Leonov-Panasyuk [24–28] is the most widely
used. In this model, a crack is considered to be a cut in a linear elastoplastic body,
the opposite sides of which are attracted by stresses r0 ¼ const for δ < δc, and
σ0 = 0 for δ > δc, in the region of length d (Fig. 1.7). We can see that the concrete
value of stresses causing failure are introduced, and the ultimate plasticity of a
material is taken into account, the latter being expressed in terms of the flaw faces
displacement δc. Using the law of distribution of the intensity of cohesive forces
between the neighboring atoms, the values of r0 and δc are connected by the
dependence

r0dc ¼ 2c; ð1:26Þ

where r0 ¼ r0:2 for a perfectly elasto-plastic body.
According to the δc–model, a crack in the deformed solid starts to grow under

the condition

2vn l0; l; p
�; r0ð Þ ¼ dc; ð1:27Þ

where vn l0; l; p�; r0ð Þ is a normal component of the vector of crack faces dis-
placements; l, l0 are typical final and initial crack sizes, respectively; p* is the
critical external load. For macroscopic cracks, the δc–model yields the same results

Fig. 1.6 Crack tip
calculation (schematically)

Fig. 1.7 Plastic zone on the crack continuation (a) and its calculation model (b)
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as the Griffith-Irwin model. The main disadvantage of the δc–model is that it is
obtained for a perfectly plastic material and does not consider the hardening of the
material.

Some time later, a similar model was proposed by Dugdale [29]. The length of
the plastic zone rp in a cracked infinite plate is proposed to be evaluated from the
equation

rp ¼ l� l0 ¼ l0 sec
pr
2ry

� �
� 1

� �
; ð1:28Þ

where σ, σy are the applied stress and the yield stress, respectively.
Except for those mentioned above, the local criteria proposed for the first time by

Orowan and later developed by McClintock [31] and other researchers [32] are
successfully used today. Contrary to the global criteria, they take into account the
complicated effect of the geometry of a structural element and its loading mode.
The distribution of stresses and strains in these models is determined by calcula-
tions using the finite elements method. These models, despite the complicated and
expensive calculations, are more and more widely used in engineering.

Thus, in the fracture mechanics of solids, the most important problem is the
interpretation of the crack initiation and propagation processes. In this approach, the
mechanism of fracture is included, and a crack becomes the tool by which it is
carried out. It becomes clear that it is very important to study the problem of a
limiting equilibrium state of deformed solids containing crack-like defects. In this
connection, it is significant to be able to perform not only a quantitative evaluation
of the pre-fractured state of structural materials using fracture criteria, but also to
effectively determine the processes taking place in the plastic zone in front of the
crack tip. The solution to this problem certainly presupposes the development and
use of new, modern, non-destructive methods of physical research, among which
the AE-based methods occupy the leading place.

1.2 Micro-Cracking of Solids

All known mechanisms of micro-cracking due to PD are mainly reduced to two
groups: cracking as the result of the accumulation of dislocations, and the crossing
of twins. Dislocation mechanisms at the initial stage presuppose a blocking of the
dislocation movement by barriers: grain boundaries or inclusions. Consequently, if
dislocations in a certain slip plane stop in front of a strong enough barrier, they form
a group that causes a high stress concentration at the barrier. Mutual repulsion of
dislocations of the same sign tends to increase the distance between them, and the
tangential stress τ acting in the slip plane presses one dislocation to the other and all
of them together to the barrier. If a group contains n dislocations, the force F * nτ
acts on the barrier. According to the Zener-Stroh model [33–35], when the critical
number of dislocations is attained, head dislocations can approach each other so
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closely that they join together and form a crack. Stroh has also shown [34] that a
group of n dislocations produces a normal stress concentration at the head of the
group in the planes located above and below the slip planes, this stress concen-
tration being proportional to the number of dislocations. The critical number of
dislocations in the head of the group, which is capable of initiating a crack, is about
300 for metals. Such a model of micro-crack initiation excludes, of course, the
decrease of stress concentration due to slipping or twinning in the vicinity of the
dislocation group head, and crack formation is the only possible way for energy
redistribution.

Cottrell has proposed another mechanism of crack initiation due to the formation
of a dislocation group in the bcc lattice. He stated [36] that the two dislocations
moving in the mutually intersected slip planes should merge to form a sessile
dislocation, which becomes a barrier for the motion of other dislocations and causes
the nucleus micro-crack initiation. This model is doubted by some researchers [1,
37].

In a number of highly symmetric structures subjected to a significant loading, the
deformation twins can be formed. If the boundaries of such twins intersect, high
local stress concentration and formation of micro-cracks is possible. This phe-
nomenon was observed in monocrystals of silicon iron [38]. Although there was a
great number of twin intersections, cracks were formed only in some of them.

According to the above described mechanisms of micro-cracking, it has been
considered to be experimentally proved and theoretically grounded that the stage of
a single micro-crack initiation ends when its length is l0 * 10−7 m, and then starts
the stage of its sub-critical growth [37].

Using the methods of microfractography analysis, it was found that depending
on the loading conditions and structural state of the material, crack propagation can
occur by the following fracture micromechanisms: transcrystalline cleavage,
quasi-cleavage, intergranular cleavage, pitting tearing, laminations along the slip
planes, and the formation of grooves during fatigue crack propagation. Each of
them leaves its own traces on the fracture surfaces [1, 2, 4, 39, 40].

1.3 Physical Grounds of AE Generation

When investigating the strength of the deformed cracked bodies, it is very important
to evaluate the stresses and strains that arise near the defect. The region close to the
crack contour, the PD zone, is of utmost interest since in this region alone there is a
maximum concentration of stresses and the material failure is almost surely right
there [3–9]. The internal mechanisms causing PD of crystals and the change in their
internal microstructure have been studied deeply enough [2]; however, nowadays
such methods and means do not correspond to the demands because they cannot be
used directly for the IO. Therefore, the necessity arose to develop new method-
ological approaches that make it possible to quantitatively assess the fracture
processes exactly in the PD zones using non-destructive testing methods.
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The AE method has lately been more and more accepted [41]. This is first of all
related to enormous developments in modern electronics, which permit creating
highly sensitive and compact facilities with a wide range of functional possibilities,
as well as information-measuring systems (IMS) and complexes. There are two
well-expressed tendencies of applying the AE method. The first is for NDT and for
diagnosing products and elements of structures, and the second, as a high sensitive
physical method, for investigating the dynamics of deformation and fracture
development in a material.

Over the last few decades, fracture mechanics and physics of strength and
plasticity, as fundamental sciences in the field of solid state investigation, have met
with great success. Today it is not necessary to prove that the process of PD in a
crystal is a macroscopic manifestation of dislocation generation and motion under
the applied loading. Still, the problem of the PD stages and micro-crack initiation in
a structural material that is characterized by very short duration of their elementary
acts during fracture has not been fully studied. Cracks during their initiation and
propagation are the sources of the AE signals (AES) generation; this is why the
application of the methods based on the AE phenomenon is considered to be very
promising for theoretical and experimental research on the processes mentioned.

The data on the application of the AE phenomenon have been published [42–
47]. It is seen that the modern concepts of PD processes in metals are based on the
idea of mass formation and motion of defects in a crystal lattice under loading.
Thus, dislocations make the main contribution to these processes. However, the
path from scientific research to the verification of the final version of a modern
hypothesis was not easy, and its application greatly contributed to the investigation
of these processes, which has been proven by the great number of publications in
the literature throughout the world.

Slipping and twinning are considered to be the two determining PD mechanisms.
Both are caused by dislocation initiation and propagation and are accompanied by
the elastic waves generation, namely by AE [48]. In this study, it is also stressed in
general features that the deformation conditions, type, and state of the material, type
of crystal lattice, and a number of other factors, significantly affect the AE
parameters. Developing studies in this direction, the authors [49] show that the
accelerated motion of dislocations and their abrupt arrest is a source of the gen-
eration of elastic AE waves. In the last case, additional frictional stresses arise, of
which, for example, the Cu-10% Zn crystal are approximately 5 MPa. Actually, this
is almost the lower yield stress of the alloy, and the mechanism of AE irradiation
arrest is caused by a higher stress than the frictional shear stress. The authors
believe that these mechanisms are typical of the PD processes and that in a crystal,
which contains many local dislocation fields, the dislocation movement changes
from quasi-static to a dynamic one with an increasing average velocity.

Thus, the dislocation mechanisms of the AES generation in monocrystals of
fluorine lithium, deformed by the loading applied to the slip plane, were studied in
[50]. Displacement of 25 × 10−8 m was accompanied by the AE pulses of rather
large amplitudes, while smaller ones of 0.5 × 10−8 m resulted in a synchronous
initiation of pulses of insignificant amplitudes that did not always appear during the
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test, while some durable AE pulses did not correspond to any displacements. Based
on these results, the mechanism of the AES occurrence was considered and the
dislocation group velocities were evaluated, which agrees with the dislocation
velocity measurements in fluorine lithium. The mechanism provides for the inter-
action between the dislocation groups and the barriers that cause them. The local
stress energy around these dislocation groups increases. When the minimum energy
required for the breakage and for the accelerated movement of the dislocation group
is attained at the head of the dislocation group, the local energy is enough to cause
lattice vibrations leading to AES generation. The process of the secondary AE
occurrences due to collisions between the coherent groups of the moving disloca-
tions and barriers in their slip planes is also taken into account in the study. Finally,
the emission with the alternative type of vibrations arises at high stresses after a
huge PD, when stress concentration at the head of a dislocation group causes
micro-crack initiation and propagation.

In turn, the authors of [51], investigating the deformation of copper, magnesium,
iron monocrystals and polycrystals of brass and Cu-7% Al alloy, concluded that the
AE bursts corresponded to the slip bands formation by an avalanche dislocation
motion. Using their evaluations, the average value of deformation εav, per one AE
pulse was found—such as for a magnesium monocrystal εav = 8 × 10−7. This value
corresponds to the specimen elongation by 4 × 10−8 m, while for a monocrystal of
manganese, these values are εav = 5 × 10−7 and 2 × 10−8 m, respectively. By
means of electron microscopy, it was possible to determine the free length of dis-
locations at the stage of easy slipping, which was 10−4 m, and each dislocation
source consisted of about 40 dislocations. The authors showed, based on the results,
that the strain εav ≅ 2.5 × 10−11 corresponded to each dislocation source, and during
slip band formation, a single AE pulse was generated with the participation of about
2 × 104 dislocation sources. Usually, the results of AE research obtained at that time
were very approximate and the determination of the average strain per each AE pulse
by dividing a total strain by the total number of pulses was not correct. At present, it
is well known that the AE behavior changes at the stage of strain hardening;
moreover, the above results show that a significant AE occurs during non-stationary
movement of dislocations on a certain part of a free path, which is determined as a
distance between dislocation groups. The obtained empiric estimation of the strain
value per one AE pulse due to an avalanche movement of dislocations is higher than
the similar one for twinning by a few orders [52]. At the same time, the amplitude of
the AES pulses, and, consequently, displacement during twinning, is considerably
higher in comparison with the dislocation slipping [53, 54]. The results of the
authors’ experiments [53] argued that the beginning of twinning during deformation
of the annealed polycrystalline pure zinc causes an increase in the AE intensity by
about one order in comparison with slipping, while an abrupt increase of this value
proved the beginning of crack initiation. In [55], the author, considering the nature of
a continuous and discrete AE, suggested that the first one arose due to accumulation
and breakage of dislocations, and the second one had a different nature in its origin.

It should be noted that in [51], an attempt was made for the first time to evaluate
the time of AE pulse rise by the velocity of dislocations at the free path distance;
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according to their data, it is about 3 μs. It should be mentioned that at the early
stages of AE research, the presented quantitative characteristics of the AE were
doubtful due to the non-perfect IMS and facilities. Moreover, some authors did not
even provide the technical characteristics of such important parameters of extraction
and processing of the obtained results as an amplification factor of the AE channel,
sensitivity and frequency properties of primary AE piezo-transducers, threshold
level of AES, channel bandwidth, etc. This, in its turn, did not permit comparing the
obtained results and diminished their scientific value.

Important results for comprehending the nature of AE sources were obtained in
[56–58] in the alkaline-haloid KCl and LiF crystals testing. The authors, using the
dislocation etching method, showed [58] on LiF monocrystals that the source of AE
at the initial PD stages is dislocation break-off from the fixing points. In annealed
crystals, this process stipulates the beginning of a micro-scale yielding, while
during further deformation of crystals it transforms into macro-scale yielding when
break-off from the strong fixed points begins. According to the investigation’s
results, it was established that the generation of every AE pulse occurs due to a
simultaneous motion of a great number of dislocations. If we sum up their length,
the resulting length will be several thousand centimeters.

The above-mentioned studies put forward a hypothesis that the AES intensity
depends on the degree of strain, which is to be determined by the function of
distribution of dislocation segments’ length in a crystal. Thus, there is a simulta-
neous break-off of many dislocation segments of a similar length at certain
moments of time. It is assumed that a few groups of segments with an amount of
dislocations from 105 to 106 in each group can be torn away from the fixing points
due to the effect of elastic vibrations during acoustic wave propagation. Taking into
account that the energy of AE pulses undergo summarizing, it is possible to observe
an initiation of break-off of other shorter segments of dislocations during the motion
of stress waves in a crystal. This explains, for example, such PD features as dis-
continuous yielding in the crystal, formation of slip bands, and low-temperature
brittleness of crystals. Their kinetics can be determined by AES amplitude values of
discrete (burst) type and the frequency of their arrivals. Somewhat later, a high
efficiency of the AE method was also confirmed by experimental results obtained in
investigations of deformation processes in molybdenum monocrystals [59].

1.4 Basic Parameters of the AE Signals

Since new state standards were adopted in Ukraine, the interpretation of some terms
regarding the AE information parameters was corrected [60] according to the terms
widely used in the literature. Therefore, in this section and throughout the mono-
graph, we will use a set of terms used in scientific journals in order to avoid
misunderstandings while comparing the investigation’s results.
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1.4.1 Cumulative Count [60]

In [61], the local PD formation is considered to be accompanied by the energy
irradiation in several different directions. The energy is released as thermal, exo-
electron, and acoustic emissions. The first two emissions are thought to be quite
promising research directions, while a good correlation between AES was found for
AE from the aluminum alloy. Thus, a theoretical model was proposed for a movable
dislocation group as a function of the PD stresses. The preliminarily developed
theoretical model for a plastic volume around a sharp crack in the elastic stress field
presupposes that the total count of AES, i.e., the sum of AES pulses exceeding the
threshold level set for the measuring path of the AE IMS or any AE facility, should
change as the fourth degree of the SIF at the crack tip. The experimental data
presented for 7075-T6 aluminum testing concur with this model, as well as with
experimental results of [62–66], where AES are analyzed. The latter were recorded
under a loading of structural material specimens containing the induced sharp
fatigue cracks with the account of SIF from the viewpoint of linear fracture
mechanics. It was shown that the AES origin was related to the microscale dynamic
processes of dislocation motion. Besides, it was noted that the results of the AE
research could be considered comparable only if the experimental conditions,
material preloading history, its heat treatment, and stress-strain state (SSS) [65] are
identical. Recommendations on the production of specimens aimed at obtaining a
good correlation of experimental data with the available theories of micro-plasticity
have been proposed [66]. It was suggested to use these approaches while devel-
oping NDT methods for materials and products.

1.4.2 AE Count Rate [60]

This parameter in literature is often called the AE intensity. In particular, it was
used as an information parameter of AES (a number of AE pulses per time unit) in
[67–69]. In [67], using this parameter, a violation of the Kaiser effect (KE) for a
polycrystalline zinc was shown for the first time, and in [68] it was confirmed for
steels. It was revealed as follows: During repeated loadings following a specimen
unloading from a certain level to zero, AE began to appear a bit before attaining the
previous force value. In [69], AES were found against the background of sound and
ultrasonic noises produced by the working reactor. Measurements were made at
frequencies up to 1 MHz to determine the band of low-frequency noises, and their
results showed a good correlation between the plastic zone size at the crack tip and
the AE count rate values. Developing a concept of direct dependence of the AES
count rate on the strain (load) value, the authors [70] tested a number of structural
materials and found the relationship between “strain ε—stress σ” and “strain ε—AE
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pulses rate _N” diagrams. Steels 3, 45, U8A, 40X, 15XGSA, X13, and 1X18N9T, as
well as alloys of the nonferrous metals AMc, D16 M, L62, and Vt6S were used in
the tests. However, according to paper [71], the count rate bears basic information
on AE.

1.4.3 Amplitude Distribution of AES

Using the results of theoretical and experimental investigations performed with
good approximation, it is assumed that the AES from one act of deformation should
be described in the form of a decaying radio pulse [55]:

uðtÞ ¼ A expð�t�T
s Þ sin 2pm0ðt � TÞ; t[ T;

0; t\T ;

�
ð1:29Þ

where A is the amplitude, T is the time of the AES appearance, τ is the beginning of
the time of counting determined by the quality factor of an equivalent contour that
describes the response of a specimen, piezo AE transducer (AET) and equipment,
and ν0 is the resonance frequency of AET (A and T are random values). According
to data in the literature [72], the range of A variation can reach three orders of
magnitude, while the analysis of amplitude distribution can provide necessary
information on the deformation process. Here it should be noted that macro-crack
initiation and propagation are accompanied by AES of a considerably higher
amplitude than during the deformation processes.

The amplitude distribution of AES is assumed to be represented by a histogram
of the AES envelope maxima. In the case of discrete AE, when the signals do not
overlap, it really yields distribution of pulse amplitudes A, and in the case of
continuous AE, when separate pulses are densely superposed, the amplitude dis-
tribution is of a different meaning.

1.4.4 Spectral and Energy Distribution of AES

The AES spectrum contains the information about the duration of the AE source
action and allows to analyze a detailed time structure of the source, which is
important for theoretical research as well as making it possible to divide the con-
tributions in the AE generation of deformation and fracture and to distinguish useful
signals from noise. When analyzing the spectral data, a leading role is attributed to
the correlation between the effective duration of spectral density of the mechanical
loading pulse, caused by a deformation jump, namely by its cut-off frequency ν*
and duration τ0 of this pulse [55]:
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As concerns AE, Stephens and Pollock [73] were the first to establish the
above-mentioned, having assumed the Gaussian shape of a pulse. The value of τ0
also determines the effective width of the correlation shape of a pulse. In papers
[74–77], experimental results of the AES spectral characteristics were obtained for
commercially pure aluminum [74], aluminum alloys 2024 (4.6 Cu, 1.3 Mg) and
5046 (4.9 Mg) [75], and also for polycrystalline Al 99.99% with a different grain
size d = 0.2…3.6 mm [76] as well as for monocrystalline Al 99.99% [77].

1.4.5 Identification of AES by the Waveform Type

The first attempt to identify AES by this factor and by the amplitude-frequency
characteristics (AFC) was made in [78]. The authors confirm that during plastic
deformation, continuous AES are emitted with their own vibration frequency of
about 20 kHz, which are characterized by a sporadic emission of decaying
amplitudes. Fracture in the compliance area is accompanied by discrete AES with a
vibration frequency of about 50 kHz. Brittle fracture also generates discrete AES in
the range up to 250 kHz. Therefore, AE well represents the processes that correlate
with the mechanical parameters of crack growth, namely with the crack propagation
rate and dynamic changes in the crack tip region.

Recognition of the mechanisms of AE sources by means of the energy spectrum
analysis is presented in study [79]. Theoretical developments of such AE research
methods are proposed, and the results are compared with the experimental data
obtained on specially prepared zirconium specimens that belong to reactor alloys.

Thus, as we see from the analysis of the above-mentioned literature sources, until
the middle of the 1980s, the main concepts of the research directions were formed,
and certain methodological approaches were built with the use of such information
parameters of AES as amplitude and its distribution, cumulative count, rate of count,
spectral distribution, waveforms, energy distribution and others. With the devel-
opment of engineering equipment, the AE research was carried out at a new, higher
level, with preservation of their conceptual orientation that is proved by subsequent
research. The elements of stochastic approach to the AES [80, 81] analysis, as well
as the methods of their probabilistic evaluation, were worked out [82].

1.5 Basic Analytical Dependences Between the Fracture
Parameters and the AE Signals

Most of the papers published so far deal with the problem of material fracture study
at a macrolevel using the AE phenomenon. Firstly, this is conditioned by the fact
that during macro-crack propagation, the elastic energy that is released is
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considerably higher than the energy caused by a fracture at a microscale level.
Besides, the irradiation spectrum of the first one has powerful low-frequency
components [59, 83, 84]; this facilitates its recording. Secondly, the AE phe-
nomenon is successfully used for NDT and technical diagnostics (TD) of various
materials, products, structures, building constructions, etc. At present, a number of
IMS and other facilities of a different complexity, which are used in combination
with the specially created methods, have already been developed.

Many researchers have made an attempt to find a correlation between the AES
parameters and cracks. A huge amount of data has been obtained in this field of
investigation, and its analysis shows that in order to establish such correlations, the
AE parameters presented in the previous subsection were used. Thus, in [85] it was
found that the cumulative count of AES is proportional to the fourth degree of SIF:
N * K4 or N * l2, where 2l is the crack length. The N * K2/E expression (E is
the Young’s modulus) was obtained in [86]. It was also noted that the results of
other authors showed that the power value can be within the limits of 1…8. Authors
explained this by the various types of facilities used in experiments, as well as by
the various conditions of recording and processing of the AE information.
A dependence was also obtained that relates the value of the total crack tip opening
displacement with the AE pulses number: dR * (1-ν)N(0.2 σy)

−1, where ν is the
Poisson’s ratio and σy is the yield strength.

A number of studies have been published, for example [87, 88], in which authors
set a correlation between the cumulative count of AES and newly-formed area of
the macro-crack, and the information on every discrete increment is suggested to be
obtained using the amplitudes of AES. It is shown in [89] that every AE pulse
corresponds to the macro-crack jump, and the values of the AES amplitudes are
linearly correlated with the energy that accompanies its growth. Authors [87]
argued that the AES amplitude is proportional to the micro-crack area, while the
square of the sum of the amplitudes of AE pulses, which accompany a jump-like
macro-crack growth, is, in the authors’ opinion [88], proportional to its area.

An interesting result was obtained in [90], where, by solving the non-stationary
problem of crack propagation with the account of crack tip interaction with the
stress field, a relationship between spectral characteristics of AES and the
macro-crack length was found. These results were confirmed experimentally in
[91].

The results of a review of the literature sources on the fracture studies by AES
are presented in Table 1.1. It should be noted that the relationships in this table
were in most cases obtained empirically, basing them on the very schematic rea-
soning that caused their obvious incorrectness in some cases. Moreover, when
interpreting the experimental results that were obtained, most authors did not dif-
ferentiate the obtained AE data by the mechanisms of their origin, a priori giving an
advantage to one of them. This also substantially reduces the scientific value of
such studies, and in some cases even makes it unusable.

Therefore, taking into account modern-day knowledge of the sources of AES
generation at various stages of micro- and macro-crack initiation and propagation, it
is possible to state the absence of scientific grounds and unity of the above results. It
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Table 1.1 Relationships of the AES parameters with the fracture parameters of materials

Dependence Author Literature

SIF(K)

N * Kn, n = 4 Dunegan, Harris, Tatro [85]

N * Kn

n = 1…11.9
Liptai, Harris, Engle, Tatro, Hartbower,
Reuter, Morais, Chimmins, Greshnikov,
Drobot

[86, 91, 92]

N * K2/E Hartbower, Reuter, Morais, Chimmins [86]

N ¼ �b K2
C

K2
I þK2

IS

K2
I �K2

IS
K2
C

þ ln K2
C�K2

IS
K2
C�K2

I

� 	
Andreykiv, Lysak, Skalskyi, Serhiyenko [93, 94]

Crack opening displacement (δ)

N * aδn, n = 0.34…1.2 Palmer, Brindley, Harrison Indham,
Bentley

[95]

dR * (1-ν)N(0.2σy)
−1 Liptai, Harris, Engle, Tatro [96]

Macro-crack length and increment
(l, Δl)

N ¼ Dl secð pr2ry � 1Þ
n o

Palmer, Heald [97]

l ¼ c1T Maslov L, Bolotin, Greshnikov, Drobot [90, 98]

Dl�ðP
i
AiÞ2E=K2

I
Hartbower, Gerberich, Liebowitz [88, 99]

Δl * A Radon, Pollock [89]

DlR �
P
i
A2=3
i

Bolotin, Maslov L, Polunin [100]

Area increment (S, Sm) for macro-
and micro-cracks

S * N, ΔSm * A Gerberich, Alteridge, Lessar [87]

S * αl, α = 2…44 counts/mm2 Sinclair, Connors, Formby [101]

Plastically deformed volume (Vp)

N * Vp Dunegan, Harris, Tatro [85]

A2 * Vp
2 * rp

4 * (B rp
2)2 * ET Kishi, Kuribayashi [102]

J integral (J)

DET=Dl� J Ishikawa, Kim [103]

Length of the PD zone (rp)

N * rp
2 Palmer [104]

Strain Rate (_e)

A� ffiffi
_e

p
, _e ¼ q=m Imanaka, Sano, Shimizu, Fudjimoto [105]

AE Energy of PD of one grain (Eg)

DEg ¼ d2nb=2ðrþ rf Þ Tetelman [106]

Tensile stress (σ)

N � rm lnðr=rAEÞ, m = 2…5 Tetelman, Chow, Lottermoser,
Waschkies, Zenner, Voss, Gotz

[107]

Density of distribution of the AES
amplitudes during macro-crack
jump (m)

mða; tÞ ¼ ckðtÞ=Acþ 1 c = 0.4…2.2 Pollock [108, 109]
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means that modern research in fracture by the AE method should be carried out at a
higher scientific level, and with the involvement of novel theoretical developments.

It should be noted that in real structural materials such as metals, polymers,
composites, etc., fracture occurs by crack propagation. As shown above, plastic
deformation of a great amount of the material at a crack tip, i.e., formation of the
PD zone as an integral part of the process zone, is a very important stage during
macro-crack initiation and propagation. The maximum PD volume is often com-
mensurable with the crack size. Therefore, a quantitative evaluation of the material
damaging in a plastically deformed volume (PDV) is very important for diagnostics
and for the prediction of the safe operation of structures and products.
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Chapter 2
Propagation of Elastic Waves in Solids

Elasticity is a solid’s most important property for restoring its shape and volume
after the termination of the action of the external forces applied to it, while for
liquids and gases, only volume is restored. Therefore the medium, whose typical
feature is elasticity, is referred to as “elastic medium.” Accordingly, elastic
vibrations are vibrations of mechanical systems, elastic medium, or its part that
arises under mechanical disturbances. Elastic or acoustic waves are mechanical
disturbances that reproduce in an elastic medium. A partial case of acoustic waves
is a sound, which is audible to man; thus the term “acoustics” (from the Greek
“akustikos,” which means “auditory”) was given to this phenomenon. In the widest
sense, acoustics involves the study of elastic waves, and in the narrowest, it is often
used to define their sound range only.

Elastic vibrations and acoustic waves are widely used in nondestructive testing
and technical diagnostics of materials and products, in various engineering devices
and equipment. For example, powerful ultrasonic vibrations are used for the local
fracture of brittle high-strength materials (ultrasonic crushing); dispersion (fine
crushing of solid or liquid bodies in any medium—for example, fats in water);
coagulation (enlargement of particles of a substance, such as smoke); and for other
purposes. Elastic vibrations and waves are very important for the investigation of the
processes of initiation and propagation of the volume damaging and fracture of
solids; this it what has made it possible to use them widely in fundamental and
applied scientific studies of these processes from the viewpoint of fracture mechanics.

2.1 Types of Elastic Waves

2.1.1 Some General Ideas on Elastic Strain

Elastic vibrations in liquids and gases are characterized by one of the following
parameters: change in pressure p or density ρ; particle shift from an equilibrium
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state u; vibration motion velocity v; or shear potential χ, i.e., vibration velocity φ. It
is essential to distinguish the change in pressure or density caused by acoustic wave
propagation from their statistical (average) value. All the above-mentioned
parameters are interconnected, for example: u ¼ gradv; v ¼ gradu;
v ¼ @u=@t; p ¼ q@u=@t, where ρ is the medium density, and t is the time [1].

Unlike liquids and gases, the acoustic field in a solid is of a more complicated
nature, because a solid possesses not only the volume elasticity as liquids and gases
do, but also the elasticity of their shape, i.e., shear elasticity. The concept of stress is
introduced for solids instead of pressure, i.e., the force related to a surface unit.

In the mechanics of a deformed solid there are normal (tensile or compressive)
σxx, σyy, σzz and tangent or tangential (shear) σxy, σyz stresses, etc. In general, the
stress state of a solid is characterized by a third-rank tensor σij, where indices i and
j take the values of coordinate axes x, y, z. The first index indicates the coordinate
toward which the force acts, and the second index defines the plane perpendicular to
the direction of the coordinate indicated by the second index, to which this force is
applied. This tensor is symmetric, i.e., σij = σji.

Since in liquids and gases there is no elasticity in a shape, there are no tangential
components of a stress tensor, and normal components are equal to each other and
to a pressure with a reverse sign. The pressure is negtive when it creates tensile
stresses that are considered to be positive; on the contrary, pressure is assumed to be
with a plus when it creates compressing stresses.

A typical feature of vibrations in a solid is the change in stresses σij, displace-
ment of its particles ui and shear potential. The concept of vibration velocity is
rarely used. More often, vibrations are characterized by deformation (“deformation”
in Latin means “distortion”), i.e., the change in mutual location @u of the body
points. This change is compared to the primary distance between points; as a result,
the deformation is a dimensionless quantity. If points are displaced along a segment
connecting them, the tension-compression deformation occurs in a solid, and if they
are displaced perpendicular to this segment direction, we have a shear deformation,
which is why the deformation is written as a tensor εij, similar to a stress tensor.
Herein, exx ¼ @ux=@x is the tension-compression deformation along the x axis. For
the symmetry of strain tensor, its components are written as
exy ¼ ð@ux=@uy þ @uy=@xÞ=2. Other shear components of deformation are written
similarly. The value of e ¼ exx þ eyy þ ezz implies the change of the volume
dxdydz of an elementary cube. For liquids and gases, there are no shear deforma-
tions while the tension-compression deformations are the same in all directions.

In this chapter we consider an isotropic medium only. Isotropy (from the Greek
“isos”, which means “equal” or “identical,” and “tropos,” which means “direction”)
means that physical properties of a medium do not depend on the direction chosen
in it. Media, whose properties depend on the direction, are called “anisotropic”
(from the Greek “anisos,” which means “unequal”).

Hook’s law relates a proportional dependence between stresses and strains. In a
generalized form, it looks like
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rij ¼ dijKeii þ 2leij; ð2:1Þ

where dij ¼ 1, if i = j, and d ¼ 0, for i 6¼ j; Λ and μ are Lame constants. In engi-
neering practice, instead of the latter, the modules of the normal elasticity E and
shear G are used. They are related by the following dependence [2]:

E ¼ lð3Kþ 2lÞ=ðKþ lÞ; G ¼ l: ð2:2Þ

Alongside these modules, another important elastic constant, i.e., the Poisson’s
ratio ν, is also used in calculations. It is defined as the ratio of compression to
elongation of the tensioned bar:

m ¼ K
2 ðKþ lÞ ¼

E
2G

� 1: ð2:3Þ

In all cases, a couple of independent elastic constants characterize the elastic
properties of an isotropic solid.

2.1.2 A Wave Equation for a Solid

It is derived by using the second Newton’s law for an elementary volume
dxdydz. The difference of forces applied to its opposite faces is equated to the
product of mass and acceleration. As a result, we get for axis x

q
@2ux
@t2

¼ @rxx
@x

þ @rxy
@y

þ @rxz
@z

: ð2:4Þ

By analogy, it is possible to write the equation for axes y and z.
By substituting strains from (2.1) instead of stresses, the equation of wave

propagation in an elastic medium is obtained:

q
@2ux
@t2

� ðKþ lÞ @e
@x

� lr2ux ¼ 0; ð2:5Þ

where r2 ¼ @2 = @x2 þ @2 = @y2 þ @2 = @z2 is the Laplace operator. The wave
equations (2.5) include second-order time, and coordinate derivatives with different
signs with respect to some variable. Using a vector analysis, the equation of (2.5)
type for all coordinates can be written as one expression:

q
@2u
@t2

¼ ðKþ lÞ grad div uþ lr2u: ð2:6Þ
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When μ = 0, and assuming the displacement ux ¼ uy ¼ uz ¼ u to be the same in
all directions (scalar), Eq. (2.6) is transformed to a wave equation for a liquid or a
gas:

@2u
@t2

¼ c2r2u; ð2:7Þ

where c ¼ ffiffiffiffiffiffiffiffiffi
K=q

p
is the velocity of propagation of elastic waves. The same

equations are valid for other elastic values, i.e., pressure, potential, etc.

2.1.3 Main Ideas of the Wave Process

The solution of Eq. (2.7) for the potential of velocity:

@2u
@t2

¼ c2r2u: ð2:8Þ

Displacements and vibration velocities for liquids and gases are the same in all
directions, so they can be considered to be scalars u and v. For simplicity, assume
that function φ depends only on the coordinate x: r2u ¼ @2u = @x2. It is known
from the theory of differential equations in partial derivatives that the solution of
such an equation looks like u ¼ u1ðx� ctÞþu2ðxþ ctÞ, where φ1 and φ2 are
arbitrary functions that are differentiated twice. The first element is a wave that
propagates along the x axis in the positive direction, and the second is a wave that
propagates in the opposite direction. Hereinafter, as a rule, we will take into con-
sideration a direct wave and will omit the second term; therefore, before t there
should be a minus if there is a plus before x.

In the case of harmonic wave propagation, we can write (2.9):

u ¼ u1 ¼ Ucos
x
c
ðx� ctÞ

h i
¼ Ucosðkx� xtÞ: ð2:9Þ

Here, Φ is the amplitude, kx� xt is the phase, x ¼ 2pf is the circular fre-
quency, f is the vibration frequency, T = 1/f is the period of vibrations, k ¼ x=c ¼
2p=k is the wave number, and λ is the wavelength, i.e., the distance that a wave
passes for a period of vibrations. If t changes by a period or x changes by a
wavelength, a phase will change by 2π, and consequently the cosine value will be
the same.

The other harmonic wave presentation is

u ¼ Re Uejðkx�xtÞ
h i

; ð2:10Þ
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where j ¼ ffiffiffiffiffiffiffi�1
p

. Symbol Re indicates that the real part of the complex function,
which is in square brackets, is taken. Since eja ¼ cos aþ j sin a, expressions (2.9)
and (2.10) coincide. The Re sign is not usually written, but it is actually implied.

In a plane, perpendicular to the x axis, the wave phase is the same (this plane is a
wave front). A wave with a plane front is called a “plane wave,” and a direction
perpendicular to the front is called a “ray.”

The harmonic plane wave of an arbitrary direction can be written as [3]:

u ¼ Uejðkx�xtÞ: ð2:11Þ

Here, kr ¼ kxxþ kyyþ kzz is a scalar product of the radius-vector of a point in
space r and the vector k ¼ nx = c, where n is a unit vector that characterizes a wave
direction, and kx; ky; kz are vector components. For a plane wave that propagates
along an x axis, we have kx ¼ k; ky ¼ kz ¼ 0; as a result, we get a formula (2.10).

For the harmonic (or monochromatic) plane waves mentioned above, i.e., the
waves that have one frequency of vibrations and an infinitely extended plane front,
we write formulas for the correlation of the main values that characterize vibrations
in this wave:

v ¼ jku; p ¼ jxqu; u ¼ �u=c; p ¼ qcv: ð2:12Þ

In the practice of acoustic testing that includes the AE testing methods, the wave
processes limited in time and space are used. Instead of monochromatic vibrations,
pulses are most often applied. A pulse (from “impulses” in Latin = “impact” or
“push”) is the time-limited vibration process. The amplitude of vibrations in a pulse
changes from zero to the final value according to the law that describes the pulse
shape [4]. The time during which the amplitude exceeds 0.1 of its maximum value
is considered to be the pulse duration τ. The product cτ is called a spatial duration of
a pulse. It determines a space region occupied by a pulse. Using the formulas of
spectral analysis, the pulse is represented as a frequency integral of monochromatic
vibrations of a different frequency, i.e., it is expanded in the harmonic vibrations
spectrum.

No success was achieved in obtaining a limited wave in the form of a bundle of
parallel rays. For example, by cutting out a part of the plane wave front by a
diaphragm, a complicated wave field is obtained. In practice, however, the weakly
scattered ray bundles are used. A wave with an arbitrary front can be represented as
an assembly of plane waves by decomposing in the Fourier integral over a wave
vector k. For a durable enough acoustic pulse that propagates in a direction of the
weakly scattered ray bundle, formulas (2.12) are used, although in this case, as
approximate ones [1].

The Laplace operator ∇2 in Eq. (2.8) can be represented not only in Cartesian but
also in cylindrical or spherical coordinates. Accordingly, the simplest solutions of
Eq. (2.8) will have the form not of a plane but of cylindrical or spherical waves.
A harmonic spherical wave that starts from the origin of coordinates looks like
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u ¼ U
r
ejðkr�xtÞ: ð2:13Þ

Here, r is the radius vector that radiates from the origin of coordinates, and the
direction of k coincides with r; kx ¼ ky ¼ kz. A surface with a constant phase, i.e.,
the wave front, has the form of a sphere for this wave, and the rays radiate in the
direction of the radii. The wave amplitude decreases inversely proportional to the
distance along a ray. At large distances r, an insignificant part of a spherical wave
front can be considered to be a quasi-plane wave.

In the case of a sphere-like emitter of radius a that pulsates by volume changing
with constant frequency and amplitude of vibration velocity, the pressure in an
outgoing spherical wave is written as [5]:

p ¼ ja2 v0j jqx
r

ejðkr�xtÞ � j
p0j j
kr

2pa2ejðkr�xtÞ ð2:14Þ

where p0 is the pressure near the sphere, calculated approximately by formula
(2.12).

Elastic wave energy consists of the kinetic energy of medium particles motion
and internal (potential) energy of deformation. The density of the kinetic energy is
equal to q vj j2 = 2 [1]. In a running wave, the internal energy density is equal to the
density of the kinetic energy, so the total energy density is E ¼ q vj j2. The density
of the energy flux is

W ¼ cE ¼ qc vj j2¼ pvj j ¼ pj j2 = qc: ð2:15Þ

The time average value of the energy flux density is called the elastic wave
intensity. For a plane harmonic running wave, the intensity is determined as

J ¼ pj j2 = 2qc ¼ qc vj j2 = 2: ð2:16Þ

In a spherical wave, the intensity decreases inversely proportional to the distance
squared:

J ¼ p0j j22p2a4 = ðk2qcr2Þ: ð2:17Þ

Acoustic waves attenuate when passing in the real media, and this is not
accounted for by Eqs. (2.6) and (2.7). As a result, a wave number becomes a
complex one: k ¼ k0 þ jd, where δ is the attenuation factor. A plane wave that
propagates along the x axis with the account of attenuation is written as

u ¼ Ue�dxejðk
0x�xtÞ: ð2:18Þ
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2.1.4 Spatial Elastic Waves

By using Eq. (2.5) or (2.6), it is possible to show that in the infinite solid medium
there are two types of waves that propagate with different velocities [3]. It is known
from the vector analysis that any vector field can be represented as a sum of two
vectors, one of which has a scalar potential and the other a vector one:

u ¼ ul þ ut ¼ graduþ rotw. ð2:19Þ

Taking into consideration that rot ul ¼ div ut ¼ 0 and substituting (2.19) into
(2.6) with the application of operations rot and div, we get

@2ul=@t2 � c2lr2ul ¼ 0; cl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKþ 2lÞ=q

p
; ð2:20Þ

and

@2ut=@t2 � c2tr2ut ¼ 0; ct ¼
ffiffiffiffiffiffiffiffi
l=q

p
: ð2:21Þ

Equations (2.20) and (2.21) are of the wave type and are similar to Eq. (2.7).
Hence, the vector u in a solid decomposes into two waves propagating with dif-
ferent velocities.

The wave ul is called a longitudinal wave or a wave of expansion-compression
(Fig. 2.1), because the vibration direction in it coincides with its propagation
direction. For the volume strain ε, the same Eq. (2.20) is satisfied.

The wave ut in which the direction of vibrations is perpendicular to the direction
of wave propagation and in which deformations are shear is called a transversal or
shear wave (Fig. 2.2). There are no transversal waves in liquids and gases due to the
absence of shape elasticity in these media. Strictly speaking, in liquids, there are
waves similar to transversal ones, in which vibrations are transferred due to ductile
forces; however, they decay quickly [1]. The ratio of velocities of longitudinal and
transversal waves depends on the Poisson’s ratio ν of the medium. For example, in
metals, where ν ≈ 0.3, it is possible to get ct=cl � 0:55 (see Table 2.1).

When a transversal wave propagates in an infinite isotropic medium, all direc-
tions of transversal vibrations are equal. If there is a limiting surface, to which a
transversal wave propagates parallel or at an angle, the question arises regarding the
direction of vibrations in the transversal wave with respect to this surface. The
wave, in which the direction of vibrations is parallel to the limiting surface, is called
“horizontally polarized” (TH-wave). If vibrations occur in the plane perpendicular
to the separating surface, such a wave is called “vertically polarized” (TV-wave).
This type of wave is more frequently used in non-destructive testing. Therefore, if
no special notations are given, by transversal wave we mean a vertical polarized
wave [1].

In ultrasonic testing, a longitudinal wave is usually excited by special piezo-
electric transducers that cause tension: compression deformation at a certain part of
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the IO surface, and a transversal wave—by shear deformation. Most often, a ver-
tical polarized wave inclined to the surface is excited by a longitudinal incident
wave at a certain angle to the IO surface from an external medium. Thus, the
incident longitudinal wave is transformed into a transversal one. The external
medium, from which a longitudinal wave falls at a certain angle, is called a “prism
of a transducer” [6].

Fig. 2.1 Propagation of longitudinal wave vibrations (schematically)

Fig. 2.2 Distribution of transversal wave vibrations (schematically): a is TH-wave; b is TV-wave
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Table 2.1 Elastic properties of some media [1]

Material Density ρ,
103 kg/m3

Velocity of wave propagation c,
103 m/s

Wave
resistance for
longitudinal
waves, z,
106 Pa × s/m

Longitudinal Transversal Surface

Metals

Aluminum 2.7 6.35 3.08 2.80 17.1

Beryllium 1.82 12.8 8.71 7.87 23.3

Bronze 8.5…8.9 3.5…3.8 2.3…2.5 2.1…
2.3

31…33

Bismuth 9.80 2.18 1.10 1.03 21.4

Tungsten 19.3 5.18 2.87 2.65 100

Duralumin 2.7…2.8 6.25…6.35 3.1 2.9 17.2…17.5

Iron 7.8 5.91 3.23 3.0 46.1

Gold 19.3 3.24 1.20 1.12 62.5

Cadmium 8.6 2.78 1.5 1.4 27.0

Brass
composition-metal

8.5 4.43 2.12 1.95 37.7

Lithium 0.53 3.00 – – 1.6

Magnesium 1.74 5.77 3.05 2.875 10.1

Copper 8.9 4.72 3.72 3.52 42.0

Molybdenum 10.1 6.29 3.35 3.11 63.5

Nickel 8.8 5.63 2.96 2.64 49.5

Niobium 3.9 4.10 1.70 1.58 35.3

Tin 7.3 3.32 1.67 1.56 24.2

Platinum 21.4 3.96 1.67 1.57 84.6

Mercury 13.6 1.45 – – 19.8

Lead 11.4 2.16 .0.70 0.63 24.6

Silver 10.5 3.60 1.59 1.48 38.0

Steel
corrosion-resistant

8.03 5.73 3.12 2.90 46.6

Carbon steel 7.80 5.92 3.28 3.01 46.1

Titan 4.50 6.00 3.50 3.20 27.0

Uranium 18.7 3.37 1.94 1.8 63.0

Zinc 7.1 4,17 2.41 2.22 29.6

Zirconium 6.5 4.65 2.25 2.15 30.2

Cast-iron 7.2 3.5…5.6 2.2…3.2 – 25…40

Non-metals

Araldite 1.18 2.5 1.1 – 3.0

Capron 1.1 2.64 – – 2.9

Quartz melted 2.2 5.93 3.75 3.39 13.0

Nylon, perlon 1.1…1.2 1.8…2.2 – – 1.8…2.7
(continued)
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2.1.5 Rayleigh Surface Wave

A specific type of waves propagate along the solid surface. For an unloaded (free)
surface, the existence of some of them is proved in the following way [6]: We can
assume a priori that there is a wave running along the solid boundary (along the
x axis) and it consists of a linear combination of longitudinal and transversal
vibrations, the amplitudes of which depend on the depth y under the surface
(Fig. 2.3). For this purpose, the velocities of propagation of transversal vibrations
should be the same and equal to some value cs, while the wave number should be

Table 2.1 (continued)

Plexiglass 1.18 2.65…2.73 1.12…1.13 1.05 3.0…3.22

Aluminum oxide 3.7…3.9 10 – – 37…39

Polystyrene 1.1 2.37 1.12 1.04 2.61

Rubber

Raw 1.3…2.1 1.5 – – 1.9…3.1

Vulcanized 0.9…1.6 1.5…2.3 – – 1.3…3.7

Resin acrylic 1.18 2.6 1.12 – 3.2

Window glass 2.6 5.7 3.4 3.1 14.5

Textolite 1.2…1.3 2.6 – – 3.1…3.9

Fluoroplastic 2.2 1.35 – – 3.0

Porcelain 2.4 5.3…5.35 3.5…3.7 – 12.8

Ebonite 1.2 2.40 – – 2.9

Epoxy resin hard 1.15…1.3 2.5…2.8 1.1 – 2.8…3.7

Liquids (20 °C)

Acetone 0.792 1.192 – – 0.4

Water 0.998 1.90 – – 1.49

Glycerin 1.265 1.923 – – 2.42

Kerosene 0.825 1.295 – – 1.07

Acetic acid 1.05 1.84 – – 1.45

Oil

Diesel 0.88…1.02 1.25 – – 1.1…1.3

Machine 0.89…0.96 1.74 – – 1.5…1.7

Transformer 0.9…0.92 1.38…1.40 – – 1.25…1.27

Alcohol

Methyl 0.792 1.123 – – 0.89

Ethyl 0.789 1.180 – – 0.93

Gases (0 °C)

Hydrogen 0.9 × 10–4 1.248 – – 1.1 × 10–4

Air 1.3 × 10−3 0.331 – – 4.3 × 10−4
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equal to ks ¼ x=cs. These predicted solutions are substituted into wave equa-
tions (2.20) and (2.21), which satisfy the conditions:

ul ¼ A exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2s � k2t

q
y

� �
expð�jksxÞ;

and

ut ¼ B exp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2s � k2t

q
y

� �
expð�jksxÞ: ð2:22Þ

Here, and further, a multiplier e�jxt is omitted. Thus, the obtained expressions
correspond to the class of heterogeneous waves. In this wave, the amplitude
changes in the front direction (along the y axis).

Functions (2.22) are to be substituted in boundary conditions of the equation:
normal and tangential stress components vanish on a free surface, i.e.,
ryy ¼ 0; rxy ¼ 0. Two unknowns ks = kt and a ratio A/B of amplitudes are found

from these two equations. For ks = ktð Þ2, the 3rd degree equation is obtained. One
real and positive root proves that an a priori assumption is correct and that the wave
that was sought really exists.

An approximate formula for evaluating the velocity of the Rayleigh surface
wave is known [1]:

cs � ctð0:87þ 1:12mÞð1þ mÞ�1 � 0:93ct ð2:23Þ

for condition ν = 0,3. The absence of the imaginary part in a root for ks indicates a
weak decay of the surface wave caused just by an ordinary spatial wave decay,
which is why the Rayleigh wave can propagate over a large distance along the solid
surface. Its penetration underneath the surface of the body is small: at the wave-
length λs, the intensity is about 5% of the intensity on the surface of the body.

During the surface wave propagation, the body particles move, revolving around
ellipses (Fig. 2.3) with a large axis perpendicular to the surface forming a TV-type
wave, and the extension of the ellipse increases with the depth. These conclusions
yield from formulas (2.22), in which the greater the decrease of multipliers with
depth, the greater the difference k2s � k2l;t. A wave similar to the Rayleigh wave,

Fig. 2.3 Schematic presentation of the Rayleigh wave propagation on the free surface of a solid
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i.e., a quasi-Rayleigh wave, can propagate not only along a plane but also along a
distorted surface. On concave areas of the surface, the wave undergoes further
damping. The greater the damping, the smaller the curvature radius due to the
energy irradiation into the body depth. Therefore, the velocity of the Rayleigh wave
decreases on concave areas, while on convex areas it increases. The wave selec-
tively responds to the defects, depending on the depth of their location. The defects
on the surface produce a maximum reflection, while at the depth that is greater than
the wavelength, they are practically undetected.

2.1.6 Head (Creeping) Wave

When analyzing the solution to the problem on excitation of elastic waves upon a
certain area of a solid surface, we can see that a wave propagates along the surface
with the velocity practically equal to the velocity of a longitudinal wave. In [3, 6] it
is referred to as a quasi-homogeneous wave because the amplitude along its front
changes slowly. However, in the literature, such a wave is usually called a “head”
or “creeping wave.”

At every point on the surface along which a head wave propagates, a transversal
wave is excited at an angle θt to the surface which is determined as
ht ¼ arcsin ðct = clÞ. As a result, the head wave decays rapidly. Such waves, with a
velocity smaller than that of a generating wave, are called “side waves.” The
combination of a head wave and side wave provides the situation with the stresses
being equal to zero on the free surface of the body. Waves that consist of surface
and spatial components, in which a surface component is continuously transformed
into a spatial one, belong to the type of leaky waves [1, 6].

The head wave is usually excited by a longitudinal wave that falls inclined from
the external medium (a prism) onto a partial area of the IO surface at an angle
b ¼ arcsin ðc0 = clÞ (Fig. 2.4). The bundle of longitudinal waves radiates from this
area of the surface, with one of the rays passing along the surface—this ray actually
being the head wave. The ray that propagates at an angle of 10…15° to the surface
has the maximum energy of irradiation. The fronts of transversal waves T, gener-
ated by the head wave, are shown by lines whose width expands with an increase of
the depth that corresponds to the wave amplitude increase. This takes place due to
an increase of the number of surface points, which contribute to the formation of a
side transversal wave.

Concurrent with the excitation of waves in IO, the waves in a prism are also
excited. In seismic acoustics, a side wave is called a “B wave,” which corresponds
to a side wave in a prism. In seismic acoustics, it is referred to as a “head wave.”

A quasi-homogeneous (head) wave is almost insensitive to surface defects and to
a surface roughness. Nevertheless, it can be used for locating surface defects in a
layer, beginning with the depth of 1…2 mm. by these waves. It is difficult to test
thin structures by the side transversal waves that reflect from the opposite surface of
IO and give off false signals [1].
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2.1.7 Waves at an Interface of Two Media

The waves on the free surface of a solid are discussed above. An external medium
on a limited area of the surface was introduced just to explain the wave excitation
mechanism. When the solid surface is loaded with a liquid or hard medium, specific
types of waves appear [1, 3, 6–8].

For a solid-liquid interface, with the sound velocity in a liquid cp < cs, a surface
wave along the interface generates a side wave in a liquid and thus decays
(Fig. 2.5a). For a steel-water interface, a side wave amplitude decreases e times at a
distance of 10 λs. This feature classifies the wave as a leaking one.

Moreover, a wave can predominantly propagate in a liquid with a velocity less
than cp (Fig. 2.5b). In a solid, it is located in a layer of a thickness λp/2π, while in a
liquid it is located in the layer of a thickness much larger than λ. The wave is used
for testing the solid material surface by an immersion method. Similarly to the
Rayleigh wave, it decays very slowly with the distance along the surface.

For an interface of two solid media (Fig. 2.5c) whose elastic modules and
density differ insignificantly, the Stoneley wave propagates along the interface. It
consists of something like two Rayleigh waves, each existing in its own medium,
but both with identical propagation velocities that are lower than the velocities of
spatial waves in both media. In each medium, the wave is localized in a layer of the
thickness of a wavelength order and is vertically polarized. Such waves are used for
the inspection of bi-metal joints.

Transversal waves propagating along the interface of two media and being
horizontally polarized are referred to as the “Love waves” (Fig. 2.6). They arise
when there is a layer of solid material on the solid half-space surface, with the
velocity of transversal waves propagation less than in a half-space. The depth of the
wave penetration in a half-space increases with a decrease of the layer thickness.
When there is no layer, the Love wave in a half-space transforms into a spatial one,
i.e., into a horizontally polarized plane transversal wave. The Love waves are used
for testing the quality of coatings on the IO surface.

Fig. 2.4 Propagation of a
head (creeping) wave on the
free surface of a solid
(schematically) [6]
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2.1.8 Waves in Layers and Plates

In bodies containing two free surfaces (a plate), specific types of elastic waves can
propagate [1, 3, 6, 7]. They are called the “waves in plates” or the “Lamb waves”
and are attributed to the normal waves, namely the waves propagating (transporting
the energy) along a plate, a layer or a bar, and stationary waves (where energy is not
transported) in a perpendicular direction. The solution to the wave equation for a
plate with boundary conditions, when stresses on both surfaces are equal to zero,
gives a system of two characteristic equations for the wave number kp. It has two or
more positive real roots, depending on the product of a plate thickness and fre-
quency. A certain type of the wave (a mode) in the plate corresponds to each root.

To illustrate the physical essence of the waves in plates, let us consider the
formation of normal waves in a liquid layer. Let a plane longitudinal wave fall
outside onto a layer of thickness h (Fig. 2.7) at an angle β. Line AD shows the
incident wave front. Because of the refraction at the interface, the wave with a CB

Fig. 2.5 Types of waves at the interface of two media: a is the decaying Rayleigh wave at the
solid-liquid interface; b is the weak decaying wave at this interface; c is the Stoneley wave at the
two solids interface

Fig. 2.6 Schematic representation of the Love wave propagation in a layer—half-space system
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front arises in the layer. The wave propagates at an angle α and reflects many times
in the layer. At a certain angle of incidence, the wave reflected from the lower
surface coincides in a phase with a direct wave that propagates from the upper
surface. We can define the angles β or α, sin b = c1 ¼ sin a = c2, where c1 and c2 are
velocities of the sound in a media, at which this phenomenon is observed.

As is known, the difference phases of the direct and the reflected waves are
determined as

2p
AEB
k2

� DB
k1

� �
¼ 2p

2h
k2cosa

� 2h tga sina
k1

� �
¼ u: ð2:24Þ

Here, λ1 and λ2 are the wavelengths in an upper medium and in a layer. The
condition of phase coincidence is attained if u ¼ 2np, where n is an integer. Hence,

h cosa ¼ nk2=2: ð2:25Þ

Thus, a wave in a layer is caused by the interference of the waves propagating in
different directions. Interference (from the Latin “inter,” meaning “mutually,” and
“ferio” meaning to “strike” or “hit”) is the process of combining two or several
waves in space. A monochromatic wave that spreads zigzag-like along a layer
under condition (2.25) can be considered to be a wave that envelopes all the
sections of a layer and moves along it. It differs from the above-mentioned waves
by the velocity that varies, depending on frequency, i.e., velocity dispersion takes
place.

Using a wave in a layer as an example, it is convenient to consider the concept of
phase and group velocities. A group velocity characterizes the velocity of energy
propagation in the direction of a wave motion. A wave pulse is a typical energy
carrier. Since a pulse in a layer propagates zigzag-like, the energy propagation
velocity by this wave along a layer is (Fig. 2.8) [1]:

cg ¼ c2 sina: ð2:26Þ

Fig. 2.7 Formation
(schematically) of normal
waves in a layer of liquid
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A phase velocity determines the velocity of phase propagation in the direction of
wave propagation. It is equal to the velocity of the phase variation of an incident
wave along the layer, i.e., it is determined from the sine law:

sinb=c1 ¼ sina=c2 ¼ 1=cph; cph ¼ c2=sina: ð2:27Þ

Since a newly formed wave moves along the layer, its refraction angle is 90°.
The angle α is evaluated from (2.25). As a result, we get

cg ¼ c2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðnk2=2hÞ2

q
; cph ¼ c2=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� ðnk2=2hÞ2

q
: ð2:28Þ

Thus, the phase and group velocities of normal waves depend on the frequency
of elastic vibrations and the layer thickness. The dispersion curves, i.e., the graphs
of the cph/c2 versus h/λ2 dependence are shown in Fig. 2.9. At the points where h/
λ2 = 1/2; 1; 3/2, etc., phase velocities tend to infinity. It means that the whole
surface vibrates simultaneously, and cg in these cases is equal to zero.

When h/λ2 → ∞, for all values of n, velocities cg and cph of normal waves tend
to c2, i.e., the spatial wave velocity. The waves with the odd values of n are called
symmetric because the motion of particles within these waves is symmetric about
the layer axis, and the waves with even values of n are antisymmetric.

The formula for the relation of phase and group velocities is known

1
cg

� 1
cph

¼ � f
c2ph

dcph
df

: ð2:29Þ

Dependences (2.27) and (2.28) satisfy this equation.
Regarding solid layers (plates), it should be noted that the essence of the phe-

nomenon, i.e., the formation of standing waves along a plate thickness due to
interference of normal waves, remains here, although the conditions of formation of
normal waves are more complicated due to the presence of longitudinal and
transversal waves. Due to reflection, these waves are partly transformed into one
another, and the wave phase can vary by an aliquant π number.

Fig. 2.8 Relationship between spatial c2, group cg and phase cph velocities of waves in a medium
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In Fig. 2.10, a system of dispersion curves for the phase velocity of waves in a
steel plate is plotted. Zero indices indicate the modes that transform into a surface
wave with an increase of the plate thickness. These waves exist at any frequency
and for any thickness of plates. A zero symmetric mode s0 (Fig. 2.11a) corresponds
to the wave of extension-compression, while a zero antisymmetric mode a0 under
condition h ≪ λ (Fig. 2.11b) corresponds to the bending wave. For a wave s0 under
condition fh → 0, phase and group velocities are the same since there is no
dispersion.

In the considered modes of normal waves, the medium particles vibrate in their
propagation plane. They are caused by the interference of longitudinal and
transversal vertical polarized waves. In a plate, the waves can also be formed due to
the interference of transversal horizontally polarized waves. When the waves are
reflected from the plate boundaries, the waves with horizontal polarization are not

Fig. 2.9 Dispersion curves
of normal waves propagating
in a liquid layer

Fig. 2.10 Dispersion curves
of the Lamb waves in a steel
plate: cl, ct and cs are the
velocities of longitudinal,
transversal and surface waves;
a0, a1, a2… are antisymmetric
modes; s0, s1, s2… are
symmetric modes of
vibrations
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subjected to transformation, and a system of dispersion curves is similar to that
shown in Fig. 2.9.

In a plate, as well as in a waveguide, normal waves propagate over large dis-
tances. This permits using them successfully in testing the sheets, shells, and pipes
that are 3…5 mm or less thick. The change of the waveguide cross-section and the
presence of heterogeneity (defects) in it, cause the reflection of normal waves. It
should be noted that the changes in the wave propagation conditions in a waveguide
are caused not only by transversal but also by longitudinal defects—for example by
the laminations located along the wave propagation direction. The defects located
along the spatial wave propagation direction are poorly detected; this feature is
useful in flaw detection.

As has already been shown above, the Love waves are very important surface
waves that propagate in a layered media. The phase velocity of a Love wave is
higher than the velocity of a transversal wave in a layer, although it is lower than
their velocity in a half-space. From the solution of the known equations [7], it
follows that the dispersion of Love waves is due to the presence of a dimensional
parameter, i.e., a layer thickness.

Strictly speaking, Love waves are not true surface waves because they are
caused by layered media. Various roots of a dispersion equation characterize the
corresponding normal modes, and their number is larger than the product of the
wave number k2 (transversal wave) and the layer thickness h. Sometimes, Love
waves are interpreted simply as the lower mode of vibrations that exists on all layer
thicknesses, including the condition k2h → 0. These waves, like the Rayleigh
waves, are observed during earthquakes, since the earth’s crust has a lamellar
structure. Lately, they have been used for the creation of dispersion delay lines.

2.1.9 Waves in Bars

In bars, as well as in plates, there are normal waves that propagate in the direction
of their length and create a system of standing waves in a transversal cross-section.
These waves are sometimes called the Pochhammer waves. For bars with a different
shape of the cross-section (round, square and other), special systems of dispersion

Fig. 2.11 Schematic representation of normal symmetric (a) and antisymmetric (b) waves: x is
wave propagation direction (arrows indicate directions of displacements along the x and y axes)
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curves take place that indicate symmetric and asymmetric modes. The velocity of a
mode s0 in a bar is less than in a plate.

Except for the already mentioned symmetric and asymmetrical waves, a twist
wave can propagate in a bar or a pipe. Vibrations in a twist wave arise due to
rotation about an axis of a certain cross-section of a bar or a pipe. Different modes
of normal waves in a bar are excited by an off-normal incidence of a longitudinal
wave from an external medium or by electromagnetic-acoustic method (a twist
wave).

2.1.10 Other Types of Waves

Besides the waves described above, there are other types of surface waves in solids
that can be used in technical diagnostics and nondestructive testing of objects. First
of all, the surface waves in crystals must be mentioned [3, 5, 7]. Today, the
existence of surface waves in most directions of any cross-section of crystals is
proved. Owing to the anisotropy of their elastic properties, a plane surface wave has
three components of displacement, and its wave vector does not coincide with the
direction of the group velocity vector. Only for crystal symmetric directions, the
vectors of the group and phase velocities are collinear, and the paths of particles lie
in the plane that passes through the wave vector and a normal to the surface. These
surface waves are very similar to the Rayleigh waves in an isotropic solid, and so
they are sometimes called the “Rayleigh-type waves” [5].

A typical example of such a wave is the wave that propagates in the ZY direction
—the cross-section of the lithium niobates piezoelectric crystal. It is worth noting
that in piezo-crystals, the surface wave is usually accompanied by a quasi-static
electric field, and this feature is used in different acoustic-electronic devices of
signal processing.

A piezoelectric effect in a number of cases leads to the formation of purely shear
surface waves known in the literature as the “Guliaev-Bleustein” waves. They,
unlike the Rayleigh waves, are weakly heterogeneous and decrease with depth at a
certain distance depending on the coefficient of electromechanical coupling. Hence,
they depend less on the surface irregularities and are used in the acoustic-electric
devices that operate at super-high frequencies. The waves of this type can exist in
non-piezoelectric materials at the presence of external fields: electric (due to a
resulting piezoelectric effect), and magnetic (the action of the Lorentz force on
electrons in metals). In such cases, it is possible to inspect the depth of the wave
localization by applying a field of specific value [7].

There is an analogy, however, only with the electromagnetic waves in a metallic
comb, for shear surface waves that propagate along a periodically unequal solid
boundary (Fig. 2.12) [7]. Wave equations and critical conditions in both cases are
identical. Therefore, it is possible to reach the conclusion, based on the known
solution for electromagnetic waves, that in the system under discussion a surface
wave can propagate with the phase velocity of
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c ¼ ct 1þ a = lð Þ2tg2 khð Þ
h i�1=2

; ð2:30Þ

where a, l and h are the geometrical parameters of a medium of propagation of
waves, k is the wave number.

Equation (2.30) is valid under condition kl ≪ 1. Thus, it yields that at certain
values of a, l, and h, the surface wave velocity c can be significantly less than ct.

A number of surface waves are defined purely by geometrical factors. On a
convex cylinder surface of a solid, except for the Rayleigh type waves, there should
also be non-Rayleigh surface waves with polarization in the plane that passes
through a wave vector and a normal to the surface. A component of longitudinal
motion in those waves behaves like the motion in the Rayleigh wave, decreasing
with depth by an exponential dependence. A shear component, decaying with
depth, oscillates; such waves are called “mixed-type” waves. Their velocity is
somewhat higher than the velocity of a shear wave, and it is attained asymptotically
with an increase of the cylinder radius. In convex cylinders, there are purely shear
surface waves that are polarized parallel to the surface. Since the reflection of
horizontally polarized shear waves is similar to the reflection of waves in a liquid,
such surface waves do not differ from mixed-type ones.

Other linear waves, which propagate along the elastic wedge edges, are also
known to exist (Fig. 2.13) [7]. They represent another class of wave motions of a
continuum that concentrates near the surface borders. The waves are similar to the
surface ones, but they have not been studied comprehensively. They are analyzed
by numerical methods, and calculations illustrate that an arbitrary field at the wedge
edge, similar to any other waveguide, can be represented as the sum of vibration
modes that propagate along the edge with their inherent phase velocities.

From the practical viewpoint, the most important modes of a wedge are the
lower anti-symmetric ones. Their amplitudes also quickly decrease with depth, so
that practically all the energy of a wave remains concentrated near the edge line.
Owing to this fact, such waves are called linear or wedge waves. They are not
dispersion waves, because the wedge is characterized only by an opening angle αk
rather than by linear sizes. The velocity of wedge waves diminishes with a decrease

Fig. 2.12 A comb-like
structure on a solid surface
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of αk and can be less than the velocity of a spatial transversal wave if αk ≈ 5…10o

by one order of magnitude. Physically this is clear, because anti-symmetric waves
in a sharp wedge are similar to those in a thin plate. The latter ones are also called
the “lower anti-symmetric Lamb” modes or “bend waves.”

Finally, we should mention Sesave waves and the waves caused by the mech-
anisms of the field non-locality that are related to the medium microstructure. The
first ones arise in the system: layer half-space, similar to the Love waves under
condition of a small thickness of a layer (Fig. 2.6). In this case, there is only one
mode of vibration, which transforms into a Rayleigh wave when kh → 0. The
following mode of such vibrations is a “Sesave” wave. It occurs when the velocity
of transversal waves in a layer is larger than the transversal velocity of a sound in a
half-space. These waves, as well as the Lamb waves, are widely used in acoustic
electronics for making the surface wave waveguides operate according to a general
principle of open waveguides [6].

The second ones cannot be explained from the position of continuum mechanics.
The use of non-local continuum models permits predicting the occurrence of
strongly heterogeneous surface waves whose amplitude also decreases at the depth
of the order of atomic spacing in a lattice.

The surface wave types in solids discussed in this chapter do not include all the
types of waves occurring in nature. This concerns, first of all, the waves in layered
media [3, 4] and the others caused by various mechanisms.

Fig. 2.13 Anti-symmetric
vibrations of the wedge edge
(schematically)

2.1 Types of Elastic Waves 49



2.2 Some Basic Acoustic Properties of Media

Acoustic properties of a medium are determined by its physico-mechanical prop-
erties: density, elasticity, structure, etc. The velocity of acoustic waves propagation
for liquids or gases is determined at a given state of the medium (temperature,
pressure) by a constant c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið@p = @qÞs

p ¼ ffiffiffiffiffiffiffi
Kq

p
, where p is the pressure in the

medium, and K is the module of a uniform compression (the ratio of pressure to the
strain of volume change with a reverse sign). The index s shows that the derivation
is done at a constant entropy. The velocity, as a rule, does not depend on frequency.
However, in some materials the dispersion of velocity is observed in a certain
frequency range, i.e., the dependence of velocity on the number of degrees of
freedom of vibration motion of a molecule. In the frequency range that has been
mentioned, an additional degree of freedom should be involved in vibrations:
mutual motion of atoms inside the molecule. Investigation of the properties of
materials and the kinetics of molecular processes by measuring velocity and
damping of acoustic waves is the subject of molecular acoustics. Isotropic solids are
characterized by the velocities of elastic wave propagation determined by formulas
(2.20) and (2.21) (see Table 2.1). These two values of velocities can be used as a
pair of elastic constants instead of the Lame coefficients or modules of elasticity.

A crystal solid is an anisotropic medium. Its properties vary depending on the
directions, and the maximum possible number of independent elastic constants is
21. However, the presence of a crystal symmetry diminishes the number of inde-
pendent elastic constants for the majority of them. In a crystal, three elastic waves
can propagate with different velocities in every direction. In an isotropic solid,
longitudinal wave and two transversal waves with mutually perpendicular direc-
tions of vibrations correspond to them. The velocities of these transversal waves are
identical. In a crystal, a displacement vector in each wave has the components,
which are both parallel and perpendicular to the propagation direction, i.e., each
wave will be neither purely longitudinal nor purely transversal [1].

The group velocity that determines the direction of the energy flow J, due to the
anisotropy of crystal characteristics, does not coincide with the direction of the
wave vector k, although the wave fronts remain perpendicular to k. An angle
between J and k is spatial and can be of tens of degrees.

The acoustic wave propagation velocity is a function of temperature. This
dependence is characterized by a change of velocity by one degree of temperature.
For gases, this value is positive, while for liquids and solids, it is negative—an
order of 0.01…0.05%.

2.2.1 Impedance and Wave Resistance of a Medium

The term “impedance” (from the Latin “impedio,” meaning “oppose”) means “re-
sistance.” Acoustic impedance is determined as a ratio of a complex sound pressure
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to a spatial vibration velocity. This concept is used, in particular, for the description
of acoustic wave propagation. In the extended medium, the concept of specific
acoustic impedance is introduced by using the correlation of sound pressure with
the vibration velocity (not spatial). Since only this case is considered here, the term
“specific” is omitted (a mechanical impedance differs from an acoustic) in what
follows.

If a plane harmonic wave propagates in a liquid medium, then according to
formula (2.12), acoustic impedance is equal to z = p/v = ρc. This value charac-
terizes a medium in which the wave propagates. It is called the “wave resistance” of
a medium or its characteristic impedance. This concept of impedance is also used
for a solid (for longitudinal and transversal waves), defining it as a ratio of the
corresponding mechanical stress to the vibration velocity of a medium particles
taken with a reverse sign (see Table 2.1).

The origin of the term “impedance” is related to the system of electromechanical
analogies, in which voltage is compared with pressure, and current with velocity.
From the physical viewpoint, acoustic and mechanical impedance shows how
difficult it is to “loosen” the system or the degree of the system’s incompliance with
vibrations.

2.2.2 Decay of Elastic Waves

A decrease in the plane harmonic wave amplitude as a result of its interaction with a
medium takes place according to the law e�dx, where x is the distance that the wave
passes in the medium and δ is the damping coefficient. In what follows, the term
“damping” will refer only to the wave amplitude decrease that is taken into account
by an exponential multiplier, contrary to a decrease in the amplitude related to the
wave front extension, e.g., in a spherical wave.

The value that is the reverse of the damping coefficient illustrates the distance at
which the wave amplitude decreases e times, where e is the Napier number; there-
fore, the dimension of the damping coefficient is m–1. In the literature [1], this unit is
sometimes written as Np/m. However, this unit is not foreseen by the State Standard
of Ukraine. The damping coefficient is often expressed by the number N of negative
decibels, by which the wave amplitude decreases at a unit distance of its propagation
x ¼ 1m� N ¼ 20 lg e�dl ¼ �8:68 dB=m ð1 m�1 ¼ 1 Np=m ¼ �8:68 dB=m).

The damping factor consists of the coefficients of absorption δ1 and dissipation
δ2: δ = δ1 + δ2. During absorption, a sound energy transforms to thermal, and
during dissipation the energy remains sonic, but is emitted by a wave whose
propagation is directional. Absorption is conditioned by ductility, elastic hysteresis
(i.e., by a different elastic dependence during extension and compression), and heat
conductivity. The last absorption mechanism is conditioned by the fact that the
process of acoustic wave propagation is considered to be adiabatic. The extension
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or compression of an elementary volume accompanied by the temperature alteration
is so short that the process of temperature equalization cannot be taken into account.
In fact, there is a heat conductivity that assists in the loss of vibration energy. There
are also other mechanisms of absorption revealing themselves at frequencies higher
than those used in technical diagnostics and nondestructive testing of components
and structural elements.

The dissipation of waves occurs due to the medium heterogeneities whose wave
resistance differs from a medium one; their sizes are commensurable with the
wavelength. A difference in the wave resistances causes the reflection of waves.
Small sizes and a large number of heterogeneities specify a statistical character of a
dissipation process. Such heterogeneities can be represented, for example, by the
inclusion of various types in alloys, solid particles, or bubbles of air in water. In
gases and liquids, which do not contain foreign particles, there is no dissipation, and
the damping is determined by absorption. The absorption coefficient is proportional
to the square of frequency. Therefore, a value d0 ¼ d=f 2 is introduced as a char-
acteristic of sound absorption in liquids and gases.

The absorption coefficient in solids is proportional to the frequency f (glass,
biological tissues, metals, some plastics), or f 2 (rubber, majority of plastics). For the
same medium, the absorption of transversal waves at f = const is less than for
longitudinal ones; this is because transversal vibrations are not conditioned by the
change in a volume and there are no heat conductivity losses.

There is no dispersion in homogeneous amorphous solids such as glass and
plastic. A weak dispersion in them can arise due to internal stresses that cause the
change in elastic wave velocity and their refraction. In heterogeneous materials
such as cast iron, granite, concrete, etc., dispersion is very large. Considerable
dispersion is also observed in most metals, even at a high degree of homogeneity
[1].

As is known, metals have a polycrystalline structure and consist of a great
number of crystals (grains)—single crystals that are not clearly facetted. All crystals
are most often randomly oriented; at the transition of elastic waves from one
crystallite into another, their velocity can vary to a greater or lesser degree due to
their anisotropy. As a result, a partial reflection, refraction, and transformation of
wave types appears that determine the mechanism of dispersion. The greater the
elastic anisotropy of crystals, the larger the dispersion. Anisotropy is also charac-
terized by the parameter of elastic anisotropy. In a cubic crystal, it is a measure of
relative resistance of crystals to two types of shear deformation. A large anisotropy
is typical of copper, zinc, and austenitic stainless steel; a small elastic anisotropy is
typical of tungsten and aluminum. Alpha iron and carbon steels belong to inter-
mediate materials according to the value of elastic anisotropy and dispersion.

The value of the dispersion coefficient in a medium is greatly affected by the
correlation of the average size of heterogeneities and the average distance between
heterogeneities with the elastic wavelength. In metals, the medium parameter that
significantly affects the dispersion of crystals is the average size of a particle �d. In
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the case of �d � k, coefficient δ2 is proportional to f4 (Rayleigh dispersion)
(Fig. 2.14). Then, total damping is calculated by the equation

d ¼ Af þBf 4d3; ð2:31Þ
where A and B are the constants, and f is the frequency of vibrations. The term Af is
caused by absorption, and it dominates at low values of f. In the region
4� k = �d� 10, coefficient δ1 is proportional to the product �df 2.

In metals with different grain size, the power index at f varies from 2 to 4, and
maximum damping is observed when k � �d. In carbon steel, grains consist of a
great number of fine plates of iron and cementite (Fe3C). Their sizes are consid-
erably smaller than the average size of grain �d. This is probably the reason that in a
wide range of frequencies up to the values of f = 4…5 MHz in fine-grained carbon
steels, the damping is determined by absorption, i.e., it is proportional to frequency.
In austenite steel welded joints, the crystal orientation is ordered.

In general, a wave field generated by the AE source consists of elastic waves of
different types: spatial longitudinal and transversal waves that, in their turn, gen-
erate the surface Rayleigh, Lamb, and other waves (Fig. 2.15). These waves
propagate with various velocities and damp according to different laws. Thus, for
instance, the damping of spatial longitudinal waves is proportional to R–2, where
R is the distance from the source to the observation point. Surface waves, such as
Rayleigh and Lamb waves, damp proportionally to R–1 and are capable of carrying
information on the AE source character at the distance greater than spatial waves.

In paper [10], a problem concerning the evaluation of elastic displacements in
Rayleigh waves excited by the vertical harmonic point force source, which acts at
a depth h under the surface of an elastic half-space, is solved. It shows that with
the growth of h, the amplitude of waves decreases, and under condition

Fig. 2.14 Schematic
dependence of the damping
coefficient on the correlation
of average grain diameter and
the elastic wavelength
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h� 2. . .3ð Þk (λ is the wavelength), it tends to zero. The authors of [11] showed
that due to the difference in the damping of spatial and surface waves, at large
distances from the AE source, surface waves prevail even when the source mainly
generates spatial waves. They stated the prevalence of that or other types of
waves depending mainly on mutual locations of an AE source and an AET
mounted on the IO. Therefore, in the case of their locating on one side of a plate,
the Rayleigh wave prevails, while in other cases, when a source is inside a plate
or when a source and a receiver are on different sides of the plate, the sequence of
spatial longitudinal and transversal waves prevails in a waveform.

In paper [12], the propagation of elastic waves in pipe specimens of 17G1SU
steel with various wall thicknesses was investigated using the method of “sound-
ing.” Wide-band AETs were used for emitting and sensing elastic waves. To study
the effect of water on the character of elastic waves propagation, experiments were
performed on water-filled specimens. It was found that after filling the specimen
with water, the velocities of elastic waves did not change, and only the dynamic
parameters of the wave field underwent changes: the amplitude of spatial waves
diminished, and vibrations arose between the appearance of longitudinal and
transversal waves. The effect of the pipe specimens filling with water on the
waveform was studied for various wall thicknesses h of specimens, taking into
account the dimensionless parameter kh, where k ¼ 2p = k is the wave number and
λ is the wavelength. The physical essence of this parameter is that it determines the
conditions of elastic wave propagation in pipe specimens: kh � 1 corresponds to
the conditions of wave propagation in a plate, kh � 1 is for wave propagation in an
infinite medium. The variation range of kh is from 2 to 10. At the values of kh > 10,
the effect of water on the damping of elastic waves was not observed (Fig. 2.16).

Authors [12] suppose that the main contribution to the energy of wave package
is given by Lamb waves, whose amplitude is by one order of magnitude higher than
the amplitude of longitudinal spatial waves. The filling of a pipeline with water
causes distortion of the wave forward front structure, producing an error during the
AE signal location in the hydrotesting of pipelines.

Figure 2.17 shows the effect of pipe steel degradation in the feeding pipelines of
supercritical pressure power units of thermal power stations on the damping of AE
elastic waves. A knee pipe about 1130 mm long, cut out of the pipeline and not

Fig. 2.15 Illustration of the elastic wave propagation in a plate (passing of one ray): 1 is a source,
2 is the upper surface of a plate, 3 is the bottom surface of a plate, 4 is a longitudinal wave, 5 is a
transversal wave, 6 is a surface wave [9]
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filled with the service environment, was investigated. For AE sounding, a
probe-simulator of the AE pulses was used. The operating time of large-scale
equipment was over 120,000 h.

Mechanical pulses were excited by electric rectangular pulses of voltage 12.5 V
and frequency of 0.4 Hz. In order to select and record the AE signals, the AETs (see
Chap. 1) were used as a set of serial AE devices that have various gain-frequency

Fig. 2.16 Dependence of elastic wave amplitudes damping A (arbitrary units) on the value of kh
and a passing distance x: a kh = 2; b kh = 10; 1 is for a specimen without water, 2 is for a
specimen with water

Fig. 2.17 Elastic AE waves damping while passing through the degraded material of a pipe bend
made of 16GS steel, recorded by the resonance (a) and a wide-band (b) TAE: resonance frequency
is 260 kHz (1); 320 kHz (2); 560 kHz (3); 810 kHz (4)
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characteristics. They are mounted on the external surface of the pipe through a layer
of acoustic transparent oil at certain distances from the stationarily installed sound
simulator. The external diameter of the knee pipe was 410 mm, and its wall
thickness was 55 mm.

As follows from the results of investigations (see also Table 2.2), the AE signals
damp in a different manner depending on their frequency range. The design features
of AET significantly affect this parameter as presented below:

Thus, the character of the wave field depends on the mutual arrangement of an
AE source and a receiver, the source type and IO, frequency characteristics of the
primary transducer. This means that in each case it is necessary to carry out
experimental studies regarding the effect of the above-mentioned factors on the
formation of the wave field that irradiates an expected or known AE source.

2.2.3 Diffraction of Elastic Waves

Diffraction (from the Latin “diffractus” meaning “broken down”) of waves is a
deviation of waves from the geometrical laws of propagation when interacting with
obstacles. Hence, the diffraction of a sound (and ultrasound) is a deviation of the
sound behavior from the laws of geometrical (ray) acoustics, conditioned by the
wave nature of a sound. The elastic fields created by an initial wave diffraction on
the obstacles are called “scattered” or “diffracted” waves [1].

We should consider the diffraction of elastic waves on the objects of a regular
geometrical shape simulating real defects. Usually, it is very difficult to get the
exact solution to most problems on elastic waves diffraction. Therefore, approxi-
mate methods are used for this purpose.

According to Young’s theory, the field that arises due to a wave diffraction is
caused by the interference of waves that propagate according to geometrical laws as
well as by diffracted waves that arise at the critical points with discontinuous
boundary conditions. The boundaries of the obstacles—edges on their surfaces—
are the locus of such points. According to the Fresnel theory, a diffraction field

Table 2.2 Damping of elastic waves in some liquids and in air at 20 °C [1]

Medium Frequency f, MHz Damping coefficient α/f2, 1014 s2/m = 105 m−1 MHz−2

Air 1.1…1.4 1670…2000

Water 7…250 2.5

Glycerin 0.5…4 250

Kerosene 6…21 170

Vinegar acid 0.5 9000

Oil (transformer) 1…5 130

Mercury 20…50 1.2…1.3

Alcohol ethyl 1…220 5.4
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appears due to the action of fictitious secondary sources excited by an incident wave
on the obstacle during the reflection or outside it (during passing). For the same
conditions, the calculation results obtained using both methods coincide.

Diffraction on a slot edge and on a strip. An infinitely thin slot simulates real
defects, such as lamination, extended crack, or faulty fusion, and its edge is the
edge of the corresponding defect. The diffraction field calculation in this case is
usually done using the Sommerfeld method, which is actually Young’s theory
development for plane obstacles. From each point of the edge (Fig. 2.18), a
diffraction wave propagates as a cone, one of its generatrices being a continuation
of the incident longitudinal wave ray; the transformed transversal wave forms
another cone. Moreover, there are waves that spread along the slot surface.
Amplitudes of all these waves are proportional to the amplitude of the incident
wave, though by 1…2 orders less.

If a slot is not semi-infinite and is of a finite width, there are two edges, on each
of which the diffraction waves similar to those considered in Fig. 2.18 appear.
When a limited bunch of rays of an elastic wave covers both edges of the strip, and
a mirror reflection from the strip does not reach the receiving transducer, its signal
is determined by interference of diffracted waves from the edges. The points on the
reflecting edges (similar to real defects), on which diffraction waves appear giving
maximal contribution to the scattered wave field, are called “bright points.”

Diffraction on a hollow disk. Small-sized, crack-like defects are simulated by a
disk. A reflector is considered to be a hollow one if stresses on its boundaries are
equal to zero. A problem on diffraction upon a disk is among the problems on the
diffraction of elastic waves upon the small-sized objects in comparison with a
wavelength. The exact solution of similar problems consists of expanding the
incident and scattered waves into a series by functions close to the object shape.
Oblate spheroidal functions are used for a disk, i.e., eigenfunctions of a wave
equation in the system of oblate spheroidal coordinates that coincide with the disk
surface.

Fig. 2.18 Formation of
diffraction cones of
longitudinal (1) and
transversal (2) waves at an
inclined incidence of a
longitudinal wave on the slot
edge
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Expansion into a series is carried out, assuming that the value of k1b < 2π, where
k1 is the wave number for a transversal wave, and b is the disk radius. In the
incident wave, coefficients of the series terms are known, while in the scattered
longitudinal and transversal waves they are unknown. They are to be found from
the boundary conditions: the normal and tangential stresses on a hollow disk surface
are equal to zero. These conditions should be satisfied for the terms of identical
powers in a series for the incident and scattered waves. Figure 2.19 shows the
solution for perpendicular incidence of a longitudinal wave on a hollow disk in an
aluminum body.

As we can see, the amplitude Ad of a scattered longitudinal wave at small angles
of observation grows in a non-monotonous manner with the growth of k1b. At the
same time, the directional diagram of the scattered wave narrows.

Diffraction on a cylinder, sphere, or ellipsoid. These objects simulate the real
defects, such as pores, slag inclusions of various shapes, etc. They have a smooth
convex surface. From the viewpoint of diffraction theory, they differ from the slot
edge, strip, and disk by the absence of bright points, and the diffraction waves
appear in every point on their surface.

A problem concerning diffraction on a cylinder is solved by expanding the
scattered and incident wave potentials into a series by cylindrical functions. If kd is
assumed to be of small value, where k is the wave number for longitudinal or
transversal waves and d is the cylinder diameter, the solution is called a “long-wave
approximation,” and if 1/kd, it is considered to be a “short-wave approximation.”

An energy (ray) approximation (d ≫ λ) yields the following expression for the
amplitude of reverse reflection from a cylinder Bc ¼ 0:5

ffiffiffiffiffiffiffiffi
d=k

p
. The long-wave

approximation for d ≪ λ gives the value Bc ¼ 7:4ðd=kÞ2. The change in Bc for
intermediate values of d/λ shows significant differences in the diffraction of various
wave types (Fig. 2.20).

Fig. 2.19 Amplitudes of the
longitudinal wave scattered
on a hollow disk in aluminum
at different observation angles
θ [13]: solid lines correspond
to a model for a solid; the
dashed line is the Kirchhoff
approximation for θ = 0
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Curve 2 for a longitudinal wave rather precisely coincides with the energy theory
data (curve 1) up to the values of d/λ ≥ 0.2, and the reflection amplitude of a
transversal wave coincides only up to d/λ ≥ 2. At smaller value of d/λ, the theory
predicts the occurrence of oscillations for a transversal wave reflection (curves 3, 4).
These oscillations are especially large for waves with vertical polarization (per-
pendicular to the cylinder axis, curve 4). However, the results show (curve 5) that
for a pulse character of irradiation theoretically calculated for continuous irradia-
tion, there are either no oscillations of function 5 or they are very small, even
though curve 4 is lower than for the energy theory.

The origin of oscillations and their smoothing can be explained by a short-wave
approximation [13]. It is shown that in the case of a transversal vertical polarized
wave incidence (Fig. 2.21), various types of waves are formed: transversal
(Fig. 2.21a) and longitudinal (Fig. 2.21b), transformed from a transversal. A ray of
the incident transversal wave that touches the cylinder surface excites the hetero-
geneous wave of a transversal type (Fig. 2.21c), which envelops the surface of the
cylinder (enveloping wave).

Figure 2.21d shows the same wave that envelops the cylinder in a reverse
direction (for other waves, which are examined below, the variants of reverse
enveloping are not shown). These two waves generate transversal waves of sliding
that starts from every point of a cylinder tangential to its surface.

A ray that falls on the cylinder surface at the third critical angle (Fig. 2.21e)
generates a longitudinal enveloping wave (a head wave) which, in turn, generates
the wave of sliding also of a transversal type that begins at the third critical angle.
The ray of the incident transversal wave that passes close to the cylinder
(Fig. 2.21f) creates an enveloping wave of the Rayleigh type, which also

Fig. 2.20 Amplitude of a
wave reflected from a hollow
cylinder [13]
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re-irradiates the energy into space in the form of a transversal sliding wave, because
it propagates along a concave surface.

Thus, except for the directly reflected elastic waves, three more transversal
waves emerge in the observation point. These waves are generated by the
enveloping waves of transversal, longitudinal and Rayleigh types. The amplitudes
of the enveloping longitudinal waves are much lower than those of transversal and
Rayleigh waves.

For a large diameter cylinder, the mirror reflected signal and a series of pulses of
enveloping waves are clearly observed. With a decrease in the cylinder diameter,
the pulses come closer, and they merge for the condition d/λ ≈ 1.5, and their
combined interference brings about oscillations. The condition of the lack of
oscillations d/λ > 1.5 is close to the condition of coincidence of the experimental
curve with the energy approximation curve (d/λ ≈ 2).

Diffraction waves on a sphere are formed according to the same laws as on a
cylinder. The difference is that during the longitudinal wave incidence on a sphere,
the difference of amplitudes of the diffracted and mirror-reflected signals are fewer
than for a cylinder. Due to an axial symmetry of the problem for a sphere, the rays
that envelop a cavity at different directions arrive at the observation point simul-
taneously. This condition is satisfied only for a combined type of sounding (θ = 0).

When a transversal wave falls on the sphere, the oscillations at various areas of
its front are oriented differently with respect to the sphere surface; they can be
expanded into vertical and horizontal polarized vibrations, the diffraction of which
occurs by various laws. The intensive enveloping waves are typical only of the

Fig. 2.21 Initiation and propagation of waves during diffraction of a transversal perpendicular
polarized wave on a cylinder (a short-wave approximation)
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vertical polarized vibrations, whose portion for a spherical object is less than for a
cylinder.

For an elastic wave incidence on an ellipsoid or an elliptical cylinder, a
diffraction field is formed; it has the features typical of diffraction on spatial objects,
such as sphere or cylinder, and plane, such as disk or band. The prevailing type of
diffraction depends on the degree of the ellipse oblateness determined by the ratio
of the axes.

2.2.4 Refraction of Elastic Waves

Refraction—in the wide sense—is the same as the deflection of rays. Regarding
acoustic waves, by refraction we mean a continuous variation of the acoustic ray
direction in a heterogeneous medium. The velocity of the waves therein depends on
the coordinates. This phenomenon is observed in a layered-heterogeneous and
anisotropic medium, whose velocity varies according to a particular law. This
medium is assumed to consist of an infinite number of infinite thin layers; in each
layer, the elastic wave velocity is constant, but it varies step-wise at the boundaries
of the layers. The sine law should be applied at the boundary of these two layers in
order to determine the ray behavior: sina=c ¼ cosc=c ¼ const, where c ¼ 90� � a
is the sliding angle. The variation of velocity c causes the deviation of the rays from
their linear propagation direction, thus forming both acoustic shadows and zones of
energy concentration in which acoustic surfaces arise.

We should mention some examples of the media having variable velocity of
wave propagation, such as welded joints of austenitic steel, transversal isotropic
non-metal materials, surface-hardened components, rolls of cold rolling, axes and
bushes of some mechanisms, etc. A special heat treatment mode improves hardness
of the surface layers while the internal layers of metal remain unhardened, ductile.
They are often called “raw” metals. Thus, in the non-destructive testing of mate-
rials, components, and structures, specific features of a material structure should be
considered.

2.3 AE Sources

Since most objects inspected by means of nondestructive testing and technical
diagnostics are made of metallic alloys, the classification of the AE sources, which
generate AE signals during initiation and propagation of a fracture therein, is of
special interest to researchers. According to [14] they can be classified as follows:
dislocation processes of metal plastic deformation, phase changes, second-phase
particles fracture, magnetic effects, surface phenomena and external effects, and
material failure. Let us briefly consider some of them, since they were described in
the previous chapter.
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Dislocation processes. It is shown in [15] that even in aluminum monocrystals
of a high degree of cleanness, the AE was generated at stresses lower than the
threshold of macroscopic yielding of metal. Later on, a group of researchers dis-
covered a similar effect for other metals. Thus, in paper [16], the AE generation is
recorded in dependence on the defect energy of a crystalline structure of copper
alloy monocrystals. Using the terms of redistribution and motion of dislocations,
the effect of Bauschinger that also causes the AE generation is explained [17]. It is
thought that mobile screw dislocation generates AE during motion from one
low-energy state to the other, at this point eliminating the oscillation in a lattice [18]
that is confirmed by certain theoretical calculations [19–21]. It should be noted that
the energy of an AE signal, which is conditioned by a single dislocation, is very low
and is therefore difficult to detect. However, a cooperative motion of many dislo-
cations was recorded without much difficulty by modern devices [22].

Annihilation of dislocations. In [23–25], models of the AE origin during anni-
hilation of dislocations on the free surface or during their crossing the interface
between two sections of the metal with a different elasticity module were described.
The validity of these models is proved by the fact that AE irradiates during the
electrochemical removal of the Al2O3 film from aluminum specimens [26].

Uniform motion of dislocation groups. There have been studies in which it has
been indicated that the number of dislocations involved during co-operative motion
varies from several hundred to a few thousand pairs [27, 28]. For the continuous
AE, these values can be considerably smaller—from 10 to 100. There is a
hypothesis that even irradiation by dislocations of discrete AE is conditioned by
uniform motion of a great number of dislocations [29–31]. However, these state-
ments have been corrected, and have shown that the AE is generated only during
accelerated or decelerated motion of dislocation groups [22, 28, 32].

Action of a dislocation source. During the action of any dislocation source for a
short interval of time on a slip plane in the same direction, a great number of similar
dislocations is released and a dislocation avalanche is formed. In [22, 33] it is
established, from the analysis of literary sources, that the action of the Frank-Read
source causes the AE from LiF monocrystals and metals. It is emphasized that on
the silicon steel, the sources of dislocations appear at stresses lower than the
macroscopic elasticity limit. The same is set for monocrystals of copper and zinc.

Dislocation breaking from the pinning points [22]. There are models in which
the AE bursts are explained by the concepts of sudden pressure (avalanche) of
newly formed free dislocations [33–35]. This was experimentally confirmed in
papers [36–38] on various metals. For the development of the mentioned concepts,
a hypothesis [39] was proposed, according to which dislocations move in the slip
bands packages, each of them having a certain number (n) of dislocations. With the
beginning of an unsteady plastic flow, the n is large and the AE irradiation is
substantial. The behavior of other AE parameters can be explained by the fact that
the density of dislocation packages is described by the Weibull distribution as a
function of strain.

Formation of slip bands. Studies are known in which the dependences between
the slip bands’ initiation and the formation of discrete AE in Mg, Cu, and Fe
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monocrystals were investigated [35]. It was found that the appearance of the first
AE pulse corresponds to the origination of the first slip band. The authors believe
that the process of formation of the first slip band is simulated by a primary plastic
flow caused by a creeping avalanche. It should be noted that such a model, although
having the right to exist, is very blurred.

Grain boundary slipping. Since Kaiser’s studies [40], a hypothesis has been
proposed that says that AE is conditioned by the motion of grain boundaries.
However, modern achievements in AE studies refute these assertions, leaving them
partly for description of the AE parameters generated in the case of deformation of
lead and its alloys. Thus, we can disregard the viewpoint that the mechanisms of
grain boundaries sliding are crucial or important sources of the AE [14].

Microvoids coalescence. It is commonly known that development of plasticity in
metals includes the process of the formation of cavities or pores and their further
development and coalescence. The mechanism of final coalescence can cause a
spontaneous failure of ligaments between cavities. In this case, the AE pulses are
also generated, and especially considerable AE arises during ligament breakage
[22].

Phase transformation. A sudden transition of one metastable phase into another
is, possibly, the first case of AE best revealed by man. The famous “cry of tin” [14,
22] is the most widely used example to illustrate the processes of AE generation.
Such processes are basic AE sources in some metals under certain conditions of
their deformation, and rarely occur when other AE sources are comparatively small.
In this case, AE is an exceptionally accurate and useful factor for investigating
transformation processes.

Strain twinning. The twinning of tin and zinc is the phenomenon known in
metallurgy, which in the case of tin loading generates such AE that it is usually
perceived by the human ear as a series of crunches [41]. Similar effects of AE
generation are observed in titanium [42] and its alloys, and in zirconium [43] and
zinc [44]. This proves that in these metals, the twinning is the basic source of AE,
while the remaining mechanisms, including dislocation sliding, are the secondary
ones.

Elastic twinning. The AE pulse [45] accompanies the initiation and disappear-
ance of a single twin induced by the application of stresses to a calcite. It was
established in [14] that the initial stages of a twin development and sliding are very
similar processes. Therefore, the same model can be used to explain them [45]. This
assumption today is insufficiently grounded to provide a clear distinguishing of the
mentioned above mechanisms as the AE sources.

Twinning expansions. The AE was observed in zirconium with the expansion of
twins [39]. The phenomenon has not yet been studied well enough and needs
special investigations.

Martensite transformations. The AE appears during transformation of austenite
into martensite, beinite, pearlite, and ferrite [46]. The most important characteristics
of the AE parameters are as follows:

• The AE beginning coincides with the first martensite formation;
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• The cumulative count of the AE attains the maximum at a martensite final
temperature, i.e., the AE accompanies a transitional process;

• The cumulative count of AE increases with an increase of carbon content;
• The count rate is maximal at the temperature lower by 50 °C than the tem-

perature of the beginning of martensite transformation. Thus, this temperature
can be evaluated by the AE data;

• The cumulative count of AE per volume unit of martensite formation is very
sensitive to carbon content, which is determined by the martensite morphology;
and

• The lamellar formations of martensite irradiate the AE of a greater energy than
the strip martensite. It is not caused simply by the relative value of the volume of
the formations, but can be caused by high rates of a lamellar martensite growth.

These ideas are confirmed in papers [47–49], where the alloys of non-ferrous
metals and steel were experimentally investigated. Some metastable steels irradiate
AE at relatively high and uniform rates of plastic deformation [50–53]. This formed a
basis for the study of the processes of martensite formation using the AE parameters.

Beinitic, eutectoid reactions and other phase transformations are also accom-
panied by the AE [54] generation, which to some extent can be used for their
qualitative or quantitative estimation.

Fracture of secondary phase particles. In many cases, metal ductility depends
on the fracture easiness of either a particle or the boundary between the particle and
the matrix, as well as on the volume fraction of these particles, their distribution,
shape, etc. Therefore, it is reasonable to expect that such failures are accompanied
by AE, as they are the processes of local stresses relaxation. Every industrial alloy
has its inherent concentration of the secondary phase particles. It can change from
extremely fine-grained required precipitations in, for instance, areas of recrystal-
lization in duralumin, to relatively large, undesirable inclusions, such as silicates in
steels. The nature, size, amount, and the effect of every particle varies within a wide
range, hence the AE generation is specific for every metal.

Non-metal inclusions in steels. In steels, the amount of inclusions reaches 1012…
1015 per tone of metal for relatively pure grades. Their composition, sizes, shape,
properties, etc., are usually different, but they can be grouped as aluminates, sili-
cates, or sulfides. The failure of such inclusions under mechanical stresses is
accompanied by the AE [28, 53]. This occurs at almost all stages of deformation. In
study [54], the mechanisms related to inclusions are distinguished as [54]:

• Decohesion of MnS streaks along the interface that is located parallel to the
rolling plane;

• Fracture of the silicates streaks or MnS across or along the direction of rolling;
• Decohesion of MnS and failure of SiO2 particles of a spherical shape;
• Failure of the piled-up dislocation groups at an inclusion during the break or

decohesion of the last; and
• Friction between the surfaces of the failed brittle particles.
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Carbides in steels. Some authors have devoted a number of papers to the
problem of carbide fracture in steels [54]. In some of the papers it is proved that the
majority of AEs are caused by failure of carbide plates in pearlite or at the ferrite
grain boundaries. However, spheroidized carbides in pearlite emit a relatively low
amount of AES. There is a scientifically sound assertion that grain boundary films
fail under very insignificant deformations. Plates of pearlite fail at greater defor-
mations depending on their size, and spheroidal particles fail within the strain range
from 30 to 40%. There is a tendency of these processes to depend on the size,
shape, and orientation of the particles in a metal.

Precipitations in aluminum alloys. The action of the AE sources in aluminum
alloys is described in detail in [55], and the appearance of two AE peaks is vividly
illustrated in paper [37], in which the aluminum alloy went through the yielding
point at the early stages of deformation. It is shown that the first AE peak is caused
by dislocation mechanisms, and the second by failure of the fine brittle intermetallic
inclusions. These peaks split under the action of tensile strain, which was later
verified by other researchers [54]. It is seen from the above that AE in most
aluminum alloys is mainly the result of the fracture of solid particles. It should be
emphasized that a dependence of fracture toughness was found on the brittle par-
ticles’ location in front of the macrocrack tip in aluminum alloy.

Fibers and fibrous composites. Mechanisms of initiation and development of
fracture of different fibers and fibrous composites are described in detail in [56].
The AE caused by fiber failure are highly energetic and are well detected by
equipment. Although individual features of the AE generation in materials differ, in
the case of composites it is possible to quite easily distinguish the AE sources
related to the material fracture mechanisms by the AE parameters [56].

Slag inclusions in welded joints. The fracture of slag inclusions takes place
during a weld cooling, which is accompanied by the initiation of mechanical
stresses. As a result, the AE emits (a detailed description is given in [57]).

Magnetic effects. Ferromagnetic materials subjected to mechanical stresses tend
to order their domains so that the magnetostriction deformation is in the direction of
the applied loading. The Barkhausen effect is observed in iron alloys caused by the
turning of the domain walls. It is known [58–61] that such motion of domain walls
under tensile deformation causes the AE generation during the elastic deformation
of the material. This phenomenon forms the basis for investigations of a number of
structural materials in order to determine their physical properties [54]. Recently,
the methods of AE investigations, comprising the Barkhausen effect, have been
more widely used in the non-destructive testing of products and constructions.

Surface effects. The AE is also generated during cracking or delamination of
oxide layers from the surface of steel specimens. In other cases, the AE sources are
also the traces of sliding lines; the formation of dimples that collapse as well as
pores, cracks, or dislocations that come out on the surface are considered to be the
AE sources [54]. It is also known [62–64] that the processes of surface friction are
accompanied by the AE.

Fracture of materials. Fracture is a complex process that includes a number of
possible mechanisms and phenomena that have already been described above as the
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AE sources. It mainly concerns the formation and development of the processes of
plastic deformation in front of the crack tip. Therefore, when investigating the AE
during the fracture of metals, it is essential to clearly define the origin of AE signals,
and to find their correspondence to proper mechanisms that occur in a metal at
different stages of fracture (see Chap. 1). The most important of them are related to
the processes that accompany metal plastic deformation, such as dislocation pro-
cesses, initiation, and propagation of pores, inclusion failure, and cracking.

The start of a macro-crack and the stages of a macro-crack sub-critical growth
are accompanied by discrete high-amplitude AE, which is described in detail in
Chap. 5 of this monograph. These fracture stages have been quite well studied,
which is attested to by the research results published in a number of monographs
[65–71] and review papers [72–78]. Here we will mention only a few of them:

Stress corrosion cracking. This phenomenon is one of the most active AE
sources. A number of high-strength steels under stress corrosion cracking in an
NaCl environment generate the AE with energy that is proportional to the crack
area. The AE during intergranular fracture is energetically higher than during
transgranular cracking. A similar situation is observed for stress corrosion cracking
of coarse-grained and fine-grained steels [54, 79]. The AE method presented above
is successfully used for the estimation of the threshold stress intensity factor under
stress corrosion cracking of steels [80, 81].

Hydrogen embrittlement. During the fracture of a hydrogen-induced embrittle-
ment of steel, a high amplitude level of the discrete AE is also observed [54, 80,
82–84]. The energy level of AE signals during such processes is higher than under
stress corrosion cracking. Taking this into consideration, the AE method has proved
to be very useful in detecting and observing the delayed fracture in forgings and
welded joints [57]. The studies have shown a good correlation between the rate of
hydrogen-induced cracking and the AE parameters [85–87].

Summing up the above, Table 2.3 presents the most typical AE sources during
initiation and development of fractures in metals.

It is worth noting that the AE is also generated during fracture initiation and
propagation in other non-metal materials. Numerous publications in the world’s
scientific journals are devoted to this phenomenon. Since there is a certain analogy
in the propagation of elastic waves and in the AE sources action, we will not discuss
it.

When conducting non-destructive testing of objects in industrial or in field
conditions, the sources of AE can be gusts of wind, rain, snow, hail, etc., that cause
the propagation of elastic AE waves as noise or background level of noises. This
phenomenon should be taken into account when interpreting the results of
non-destructive testing and diagnostics of the state of products and constructions. In
Tables 2.4 and 2.5, the quantitative AE parameters and ranges of their variations are
presented for the most characteristic sources of AE.
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Table 2.3 Some AE sources in metals

Group Source Comment

1 2 3

Dislocation
mechanisms under
plastic deformation

Motion of one dislocation1 Below the susceptibility
threshold of serial equipmentAnnihilation of dislocations on the

free surface2

Self-annihilation of a couple of
dislocations3

Below the susceptibility
threshold of serial equipment

Fracture of a dislocation loop4 Below the susceptibility
threshold of serial equipment

Uniform motion of a group of
dislocations5

Below the susceptibility
threshold of serial equipment

Action of the Frank-Read source Possible source of AE, but
not prevailing

Action of the source of dislocations
located at the grain boundary

Possible source of AE, but
not prevailing

The avalanche of the dislocation—
dipoles capture phenomena that
occur at the grain edge

Possible source of AE
applied in fatigue testing at
small deformation

Non-fixing of dislocations or
breaking of dislocations6

Source is proved soundly

Formation of a slip band It is not the basic mechanism

Slipping in the grain lattice Possible only in lead alloys
at 20 °C

Phase changes Deformation at which twinning takes
place

Possible source in certain
metals and alloys

Formation of elastic twins Possible, but does not refer
to metalsExtension of twins

Martensite transformations Steel, brass

Beinitic resistance in steels Requires investigations

Phase transformations in tin Not identified

Particles of the
second phase

Non-metal inclusions in steel Obviously play very
important part in industrial
steels

Carbides in steels Obviously play an important
part in industrial steels

Phase precipitation in aluminum
alloys

Dominant source

Fibers in composites Dominant source

Slag inclusions in seals Play an important part

Magnetic effects Motion of magnetic domain wall (the
Barkhausen effect)
Superconductivity

Very important, but not in
most cases

Surface effects Surface oxides A source is very effective,
sometimes is used
successfully

Surface coatings

(continued)
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Table 2.3 (continued)

Group Source Comment

1 2 3

Fracture Formation of cavities Important part in fatigue
testing

Failure of bonds Dominant sources of AE

Breakage of surfaces High-energy sources of AE

Micro-crack formation Plays an important part in
most cases, including
corrosion and welding

Crack propagation

Stress corrosion

Hydrogen embrittlement

Energy of the AE source [J]: 110−23; 24 × 10−18; 35 × 10−24; 4≅10−24; 510−23; 610−19

Table 2.4 Ranges of change in some AE parameters during its fail-safe recording on IO

Parameter Range of the parameter change Notes

Electric signal Mechanical signal

Cumulative count of AE 0…107 counts – During the time of
specimen tension to failureCount rate 0…105 counts/s –

Amplitude 10−7…10−2 V 10−7…10−14 m Single signal of discrete AE

Signal energy 10−11…10−5 J –

Pulse duration 10−4…10−8 s – –

Table 2.5 Parameters of acoustic emission signals for some sources [57]

Type of source Amplitude or pulse
energy of the AE, J

Signal
duration,
μs

Width of a signal
spectrum, MHz

Dislocation source of Frank-Read (10−7…10−8)G* 5…
50 × 103

≤1

Annihilation of dislocations of
length of 10�6. . .10�4 cm

4(10−18…10−16) 5 × 10−5 Hundreds

Micro-crack initiation 10−10…10−12 10−3…
10−2

≤50

Disappearance of twins of volume
≈1 mm3

10−2…10−3 1 × 104 –

Plastic deformation of a volume
≈10−3 mm3

1 × 10−4 ≤1 × 103 ≤0.5

Energy of thermal noises 4.2 × 10−4 J/Hz – Uniform spectrum to
107
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Taking into consideration the factors that cause the AE origination, and
according to the characteristics of a qualitative effect on the formation of AE
sources, they can be grouped as follows.

Factors that cause the initiation of the AE
signals with large amplitude

Factors that cause the initiation of the AE
signals with small amplitude

• High breaking strength • Low breaking strength

• High rate of loading • Low rate of loading

• Anisotropy • Isotropy

• Heterogeneity • Homogeneity

• Dense materials • Porous materials

• Twinning • Absence of twinning

• Fracture along the weld plane (neck of
welding)

• Shear deformations

• Low temperatures • High temperatures

• Materials with cracks • Materials without cracks

• Martensitic phase transformations • Diffusive controlled transformations

• Cracks propagation • Plastic deformation

• Cast structures • Forged structures

• Size of a large grain • Size of a small grain

Thus, in summary, it is possible to state that various elastic waves initiate and
propagate in materials under fracture initiation and further propagation. Their
sources are also formed through a variety of mechanisms. Therefore, when using
non-destructive test methods based on the AE phenomenon, it is necessary to take
this variability into consideration and choose the optimum facilities as well as the
modes of selection and recording of the AE signals.
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Chapter 3
Analysis of Acoustic Emission Caused
by Internal Cracks

An important scientific and technical problem that could be solved using acoustic
emission (AE) is the possibility of inspecting nucleation and sub-critical growth of
internal crack-like defects in structure elements caused, for example, by hydrogen
embrittlement of metals [1–4]. These defects, owing to the loading applied to a
structure, can spring up sub-critically—in particular, in local areas near a contour in
an existing crack. Such character of destruction is caused by the nature of the
stress–strain state near the crack front, as the effect of stress corrosion as well as
micro-structure of the material. In many cases, the fracture occurs inside the
material and is not observed visually, even in the case of the local sub-critical
growth of a crack. However, elastic waves caused by these processes could be
received by AET placed on the surface of IO.

For a quantitative estimation of defects by the AE method, it is necessary to
establish relationships between AE signals and crack parameters. If we assume that
a newly formed crack is considerably less than the geometrical size of a body, then
to investigate the given problem it would be necessary to consider a non-stationary
dynamic problem of crack formation and its growth in a half-space (Fig. 3.1).
Besides, AE inspection is frequently carried out under conditions much different
from those of the ambient medium (corrosive environment, high or low tempera-
tures, or when the access to the inspected surface is complicated). In such cases,
waveguides are used in AE measurements so one should take into account the effect
of a waveguide on AE parameters. Thus, the problem to be solved is establishing a
relationship between AE parameters at the waveguide face and the characteristics of
a nucleating or growing crack. Assuming that such a general statement is valid, the
solution to this problem is rather difficult, so in order to simplify it, we divide it into
separate problems (Fig. 3.1): (1) determining AE parameters caused by the for-
mation and sub-critical growth of an internal crack type defect at local areas near its
contour in an infinite elastic body; (2) the effect of the body surfaces on AE signals;
and (3) the effect of a waveguide on AE signals.
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3.1 Nucleation and Sub-critical CRACK Growth

3.1.1 Nucleation of a Mode I Penny-Shaped Crack

According to the approach proposed in [5], we replace an arbitrarily shaped crack
with a penny-shaped crack in the same area. Suppose that a penny-shaped crack
nucleates when the tensile stresses in a certain region of an elastic body reach a
certain critical value σ0 (the integral characteristics of the material breaking
strength). The crack formation is accompanied by an instant drop of normal stresses
on its surfaces from an initial level σ0 to zero.

If we consider a system of cylindrical coordinates Orθz, we see that the origin
O coincides with the center of the crack of radius r0 and the axis Oz is normal for
the crack plane (Fig. 3.2). At infinity, tensile stresses σ are applied along Oz axes.
At the time t = 0, they reach a certain critical value σ0, resulting in a penny-shaped
crack nucleation. Using the known approaches [3, 6, 7], this problem can be
reduced to the wave equations

Du� 1
c21

@2u
@t2

¼ 0;Dw� w
r
� 1
c22

@2w
@t2

¼ 0 ð3:1Þ

with respect to the unknown scalar potentials uðr; z; tÞ and wðr; z; tÞ.
The Eq. (3.1) should satisfy the boundary conditions for half-space z > 0

rzzðr; 0; tÞ ¼ �r0HðtÞ; r� r0;

uzðr; 0; tÞ ¼ 0; r[ r0;

srzðr; 0; tÞ ¼ 0; 0\r\1;

ð3:2Þ

and zero initial conditions

Fig. 3.1 Crack-like defect
radiating AE and problems
that should be solved for the
estimation of parameters of
such a defect using AE
signals: 1 nucleation and
sub-critical crack growth; 2
the effect of a free surface on
AE signal parameters; and 3 a
waveguide effect on AE
signal parameters
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uðr; z; 0Þ ¼ wðr; z; 0Þ ¼ @u
@t

����
t¼0

¼ @w
@t

����
t¼0

¼ 0: ð3:3Þ

Here, c1 ¼
ffiffiffiffiffiffiffiffiffi
kþ 2l

q

q
is the velocity of a longitudinal wave, c2 ¼

ffiffi
l
q

q
is the velocity of

a shear wave, λ, μ are Lame’s constants, ρ is the material density, and H(t) is the
Heaviside function. The relationship between potentials u and w and components
of a displacement vector ur and uz has the form:

ur ¼ @u
@r

� @w
@z

uz ¼ @u
@z

þ @w
@r

þ w
r
: ð3:4Þ

The boundary problem (3.1–3.3) can be solved using the method of integral
transforms. Similar to [7], using the Hankel transform over the spatial coordinate
r and Laplace transform over time t, we reduce the problem to the Fredholm integral
equation of the second kind:

Kðq; sÞ ¼
Z1

0

Kðu; sÞKðu; q; sÞdu ¼ q 0� q� 1; ð3:5Þ

having the kernel K(u, q, s) symmetric with respect to u and q in the form

Fig. 3.2 A Mode I
penny-shaped crack in an
elastic body

3.1 Nucleation and Sub-critical CRACK Growth 77



Kðu; q; sÞ ¼ 2
pð1� e2Þ

Z1

0

gðg=r0; sÞ sinðgqÞ sinðguÞdg; 0� q� 1; 0� g� 1;

ð3:6Þ

where

gðg=r0; sÞ ¼ 1� e2
� �� 1þ 1

2g2n2

� �2

1þ 1
g2n2

� �1=2

1þ e2

g2n2

� ��1=2
" #

2g2n2;

n ¼ c2
sr0

; e ¼ c2=c1:

The solution of integrated Eq. (3.5) was found numerically and approximated by
dependence proposed in [8]:

Kðq; sÞ ¼ bðqÞmðqÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2 þ p2

p ; ð3:7Þ

where b(q) and m(q) are the parameters of approximation obtained by the fewest
squares method, p ¼ sr0=c2. Taking into account the dependence (3.7) for the
components of a displacement vector, after inverting the Laplace and Hankel
transforms using the Parseval and convolution theorems, we obtain the following
equations:

uið�r;�z; TÞ ¼ ABi

Z1

0

bðqÞmðqÞ
Zrþ n

r�n

X2
j¼1

Sijða;�z; sj; qÞH T � ej
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�z2 þ a2

p� 	2
64

�Giða; r; qÞda�dq; r[ 1; ði ¼ z; rÞ ð3:8Þ

where

A ¼ r0r0
qc21e

2pð1� e2Þ ; z ¼ z=r0; �r ¼ r=r0; T ¼ c2t=r0; e1 ¼ e; e2 ¼ 1;

sj ¼ T � ej
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 þ a2

p
;Bz ¼ z

.
p

ffiffi
�r

p� �
;Br ¼ p

ffiffi
�r

p� ��1
;

Gz ¼
ffiffiffi
a

p
KðkÞ; Gr ¼ a

ffiffiffi
a

p
2EðkÞ � KðkÞ½ �;

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2 � ða� rÞ2

.
ð4arÞ

r
;

78 3 Analysis of Acoustic Emission Caused by Internal Cracks



E(k) and K(k) are complete elliptic integrals of the first and second kind
respectively,

S1jða; z; sj; qÞ ¼ Z j
1 ða; z; sj; qÞ
� �

J0 mðqÞsj
� �þ Z j

2 ða; z; sj; qÞ
� �

J1 mðqÞsj
� �

þ Z j
3 ða; z; sj; qÞ
� �

I mðqÞsj
� �

S2jða; z; sj; qÞ ¼ Rj
1 ða; z; sj; qÞ
� �

J0 mðqÞsj
� �þRj

2 ða; z; sj; qÞ
� �

J1 mðqÞsj
� �

þRj
3 ða; z; sj; qÞ
� �

I mðqÞsj
� �

Z1
1 ða; z; sj; qÞ
� � ¼ e z2 þ a2

� ��1
1� 2a2e2 z2 þ a2

� ��1
h i

þ 3=m qð Þ2s1 z2 þ a2
� ��5=2

2� 5a2 z2 þ a2
� ��1

h i

Z1
2 ða; z; sj; qÞ
� � ¼ 3=m qð Þ T2 � e2 z2 þ a2

� �
 �
þ z2 þ a2
� ��5=2

2� 5a2 z2 þ a2
� ��1

h i

Z1
3 ða; z; sj; qÞ
� � ¼ 1=m qð Þ z2 þ a2

� ��3=2
1� 2e2 þ 3e2a2 z2 þ a2

� ��1
h i

þ 3 z2 þ a2
� ��5=2

n
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h i
T2 � 1=m qð Þ2
h io
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1 ða; z; sj; qÞ
� � ¼ 2a2 z2 þ a2

� ��2 þ 3s2=m qð Þ2 z2 þ a2
� ��5=2
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� ��1�2

h i
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� ��5=2
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h i
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� � ¼ 1=m qð Þ z2 þ a2

� ��5=2
5a2 z2 þ a2
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h i

T2 � 1=m qð Þ2
hn
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� ��1

� 	h io
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� � ¼ e z2 þ a2

� ��1
1� 2z2e2 z2 þ a2

� ��1
h i�1

þ 1� 2eð Þ
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þ 3=m qð Þ2s1 z2 þ a2
� ��5=2

5z2 z2 þ a2
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h i

R1
2 ða;�z; sj; qÞ
� � ¼3=m qð Þ T2 � e2 �z2 þ a2
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� ��5=2
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h i

R1
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� � ¼1=m qð Þ �z2 þ a2

� ��5=2
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� ��1�1
h i
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R2
1 ða; z; sj; qÞ
� � ¼ 3s2=m qð Þ2 z2 þ a2

� ��5=2
1� 5z2 z2 þ a2

� ��1
h i

� 2z2 z2 þ a2
� ��2

R2
2 ða; z; sj; qÞ
� � ¼ 3=m qð Þ T2 � z2 þ a2

� �
 �þ z2 þ a2
� ��5=2

5z2 z2 þ a2
� ��1�1

h i

R2
3 ða; z; sj; qÞ
� � ¼ �1=m qð Þ 3 T2 � 1=m qð Þ2

h i
z2 þ a2
� ��5=2

5z2 z2 þ a2
� ��1�1

h in o

IðxÞ ¼
Zx

0

J0ðvÞdv; J0ðxÞ

and J1(x) are the zero and first order Bessel functions of the first kind, respectively.
An asymptotic dependence of the displacement vector components can be

obtained by leaving in Eq. (3.8) the components, which describes decreasing weaker
than 1/R R2 ¼ r2 þ z2ð Þ. In a spherical coordinate system originated in the center of a
penny-shaped crack, the components of a displacement vector are as follows:

uR ¼ ur cos hþ uz sin h; uh ¼ uz cos h� ur sin h: ð3:9Þ

Replacing the internal integrals over α in Eq. (3.8) by their average values as α
tends to r, for large R, after simplification we will obtain the approximation

uið�R; h; TÞ ¼ ABi 1=�Rð Þ
Z1

0

2qbðqÞmðqÞJ0ðmsiÞMiðkÞdq
8<
:

9=
;HðsiÞþOðR�2Þ;

ð3:10Þ

where i = R,θ, B1ðhÞ ¼ e=p 1� 2e2 cos2 hð Þ, B2ðhÞ ¼ 1=p sin 2h, si ¼ T � ei�R�R
¼ R=r0, M1ðkÞ ¼ KðkÞ, M2ðkÞ ¼ 2EðkÞ � KðkÞ, k ¼ q=2R cos h, and B1 and B2

determine the angular dependence of radiation when a crack is modeled by a system
of three mutually perpendicular dipoles [9].

From Eq. (3.8), it was found that for distances from a crack greater than 28r0,
the amplitude values both for longitudinal and shear waves decay as 1/R, which is
predicted in Eq. (3.10). When performing the AE inspection, the distances between
AE sources and AET are much larger than the dimensions of AE sources.
Therefore, more attention will be paid to the consideration of AE caused by a
penny-shaped crack for a large R. The dependencies of a dimensionless value

U �r;�z; Tð Þ ¼ u2z �r;�z; Tð Þþ u2r �r;�z; Tð Þ
 �1=2
=A

versus dimensionless time T/ε calculated according to Eq. (3.8) for �R ¼ 1000,
ε = 0.535 and the Poisson’s ratio ν = 0.32 are presented in Fig. 3.3a (longitudinal
wave) and in Fig. 3.3b (shear wave). The curves 1 and 2 correspond to angles
θ = 15o and θ = 75o, respectively.
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Similar calculations were carried out for other angles of crack orientation within
the range from 0 to π/2. As a result of the analysis of the maximal values of
oscillations for longitudinal and shear waves, the approximation expressions are
proposed. They characterize the angular dependencies of peak values of the dis-
placement vector module for R ≫ 1. For longitudinal waves

2 2
( )
1 2

1Б

1 2 cos( )
1 cos

d ε θθ
χ θ

−Φ =
+

ð3:11Þ
and for shear waves

( )
2 2

2Б

sin 2
( )

1 cos
d θθ

χ θ
Φ =

+
ð3:12Þ

where χ1 and χ2 are the parameters of approximation. Their numerical values
χ1 = 0.68 and χ2 = 2.69 at ε = 0.535 and ν = 0.32 were obtained using the fewest
squares method. The angular dependencies of the peak values of U �r;�z; Tð Þ, cal-
culated according to Eq. (3.8), were compared with Eqs. (3.11) and (3.12). These
expressions describe the angular distribution of amplitudes that were calculated
with an error not exceeding 4%, and correlate with Eq. (3.10). They are presented
in Fig. 3.4a and b for longitudinal and shear waves, respectively.

Taking into account Eqs. (3.11) and (3.12) as well as the character of spatial
decay (see Eq. (3.10)) for an estimation of the maximum values of the displacement
vector module, the following approximation expressions are obtained:

umax cij ¼ di
r0U

ðdÞ
i hð Þr20
qc21R

; ð3:13Þ

Fig. 3.3 Dependence of the dimensionless module of a displacement vector on dimensionless
time T/ε at �R ¼ 1000 for: a longitudinal, and b transversal waves: Curve 1 corresponds to an angle
of observation θ = 15°, Curve 2—θ = 75°
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where i = 1 corresponds to a longitudinal wave and i = 2 to a shear wave,
δ1 = 0.452, δ2 = 0.832.

In these expressions, R is dimensional. The analysis of the dependence (3.13)
and the calculations carried out according to Eq. (3.8) show that for the angles
within the range of 15o � h� 70o, peak values of the displacement vector for a
longitudinal wave, are somewhat lower than for a shear wave (Fig. 3.3). It is
necessary to consider this when receiving AE signals and finding the location of the
AE source. It was also found that the time interval to reach the first maximum
essentially decreases with an increase of the orientation angle θ, and the duration of
its rear front changes insignificantly (Fig. 3.3).

During experimental research of AE signals generated by the formation and
propagation of cracks in materials, the issue of determining the frequency charac-
teristics of these signals turns out to be quite important. This is explained by the
necessity of choosing an AET whose bandwidth corresponds to the spectrum of AE
signals radiated by these sources that will further increase the sensitivity of AE
storage hardware. Therefore we have carried out an investigation of frequency
dependencies for the obtained module of a displacement vector, using the method
of fast Fourier transform (FFT) [10].

The results of calculations of frequency dependencies of the displacement vector
module are presented in Fig. 3.5a, b �R ¼ 1000ð Þ for longitudinal and transversal
waves, respectively. A time sampling was chosen equal to 0.5, and the number of
digitizing points N = 1024. In these figures, the ordinate axis corresponds to the
normalized value of UX ¼ uðXÞ=uðXÞ maxj and the abscissa axis corresponds to
dimensionless frequency X ¼ xr0=c1 (ω is the angular frequency). It is seen from
these figures that the width of the spectrum is greater for θ = 75° than for θ = 15°
and correlates with the width of the first maximum of the module of a displacement
vector for these angles and R (Fig. 3.3).

The width of the spectrum in Fig. 3.5 is ΔΩ ≈ 2.5. Assuming that the radius of a
penny-shaped micro-crack is r0 = 5 × 10−6 m and c1 = 5 × 103 m/s, we obtain
Δf ≈ 40 MHz ðx ¼ 2pf Þ.

Fig. 3.4 Angular dependencies of the maximum values of the module of a displacement vector
for a longitudinal, and b shear waves
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3.1.2 Nucleation of a Mode III Penny-Shaped Crack

This type of loading may be simulated by subjecting the crack surfaces to equal and
opposite tractions �szh that vary linearly with a distance from the center of the
crack. When we consider a system of cylindrical coordinates Orθz, we see that the
origin O coincides with the center of the crack of radius r0 and the axis Oz is normal
to the crack plane (Fig. 3.6).

At the time, t = 0, �szh attains a certain critical value τ0 that results in a
penny-shaped crack nucleation. Taking into account the symmetrical conditions
with respect to the plane z = 0, the problem can be formulated for an upper
half-space z > 0 with zero initial conditions and boundary conditions [7]

szhðr; 0; tÞ ¼ �s0ðr=r0ÞHðtÞ; r\r0

uhðr; 0; tÞ ¼ 0; r� r0; ð3:14Þ

Fig. 3.5 Dependence of dimensionless value of the module of a displacement vector UΩ on
dimensionless frequency Ω at �R ¼ 1000 for: a a longitudinal wave, and b a shear wave: Curve 1
corresponds to the angle of observation θ = 15°, Curve 2—θ = 75°

Fig. 3.6 A Mode III
penny-shaped crack in an
elastic body
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where uθ (r, z, t) is the only non-zero component of a displacement vector governed
by the dynamic equation of torsion:

@2uh
@r2

þ 1
r
@uh
@r

� uh
r2

þ @2uh
@z2

¼ 1
c22

@2uh
@t2

; ð3:15Þ

Away from the crack, uθ (r, z, t) is required to disappear as ðr2 þ z2Þ1=2 ! 1.
In the Laplace transform domain, the boundary condition and equation of torsion

become

s�zhðr; 0; sÞ ¼ �s0ðr=r0Þð1=sÞ; r\r0;

u�hðr; 0; sÞ ¼ 0; r� r0;

@2uh
@r2 þ 1

r
@uh
@r � uh

r2 þ @2uh
@z2 ¼ s

c22
uh:

ð3:16Þ

@2uh
@r2

þ 1
r
@uh
@r

� uh
r2

þ @2uh
@z2

¼ s
c22

uh: ð3:17Þ

Applying a Hankel transform over spatial coordinate r to Eq. (3.17), we obtain an
ordinary differential Eq.

@2uh�

@z2
� ðn2 þ s2=c22Þuh�: ð3:18Þ

A solution to this problem may be found in a manner similar to the problem
discussed above.

As a result, we obtain the following equation:

uhðr; z; TÞ ¼ A
Z1

0

bðqÞmðqÞ V1ðr; z; T ; qÞþV2ðr; z; T; qÞþV3ðr; z; T ; qÞ½ �dq

ð3:19Þ

where

A ¼ 4s0r0ffiffiffiffiffiffi
2p

p
3l

;
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V1ðr; z; T ; qÞ ¼ z
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r�q
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p
;

R a; r; qð Þ ¼
Z1

0

cos uqð ÞJ1 ruð ÞJ0 auð Þdu; ð3:20Þ
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where F /;
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p� 	
and E /;

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� k2

p� 	
are the elliptic integrals of the first and

second kind, respectively. The integrals in Eqs. (3.17) and (3.18) are found using
[11].
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The numerical calculation of dimensionless value of Uh r; z; Tð Þ ¼ uh r; z; Tð Þ=A
for Mode III crack depending on dimensionless time T was carried out according to

Eq. (3.19), and the results for R = 100 R ¼ r2 þ z2ð Þ1=2
� 	

are shown in Fig. 3.7.

The magnitude of the first maximum that corresponds to the arrival of the shear
wave front at the observation point is the highest. The distances between peaks are
approximately the same. The calculation of this normalized displacement UX ¼
uðXÞ=uðXÞ maxj depending on dimensionless frequency X ¼ xr0=c2 was made
using the fast Fourier transform method [10] and is shown in Fig. 3.8 for the same
values of R and φ.

Similar calculations of Uhðr; z; TÞ, depending on dimensionless time T, were
carried out for various values of R and φ. After the analysis of maximal values of
Uhðr; z; TÞ, we obtain the following approximation dependence (for R > 30r0):

uhjmax ¼ 1:138
s0r20U

ðdÞ
2 ðuÞffiffiffiffiffiffi

2p
p

3lR
; ð3:22Þ

where UðdÞ
2 ðuÞ is determined by Eq. (3.20). The approximation error does not

exceed 7.5%.
The angular distribution of uh maxj value is the same as for Mode I crack shear

wave (Fig. 3.4b).
The results of the calculations according to Eqs. (3.13) and (3.22) for two alu-

minum alloys D18 (chemical composition—Si 0.5%, Fe 0.5%, Cu 2.2…3.0%, Mn
0.2%, Mg 0.5%, Cr 0.1%, Zn 0.1%, other 0.15%) and B95 (chemical composition
—Zn 5.0…6.5%, Mg 1.8…2.8%, Cu 1.4,…2.0%, Mn 0.2…0.6%, Cr 0.1…0.25%,
Fe 0.25…0.5%, Si 0.1%, Ni 0.1%, Ti 0.05%, others less than 0.1%) used in
airplane production, are shown in Fig. 3.7. The following characteristics were used

Fig. 3.7 The dependence of
Uhðr; z; TÞ on T: 1 φ = 15°, 2
φ = 45°, R = 100
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for D18 Al alloy: σ0 = 300 MPa, τ0 = 200 MPa, E = 71000 MPa, ν = 0.32; for
B95 Al alloy: σ0 = 480 MPa, τ0 = 32 MPa, E = 70000 MPa, ν = 0.33 and
ρ = 2700 kgm−3 R = 0.5 m pr20 = 10−6 m2 for both materials [12].

Supposing that umax cij and uh maxj are directly proportional to the amplitude V of
the electric signal at the sensor output, we can rewrite Eqs. (3.13) and (3.22) as
follows:

V ¼ bi
r0U

ðdÞ
i hð Þr20
qc21R

;V ¼ bh
s0r20U

ðdÞ
2 ðuÞffiffiffiffiffiffi

2p
p

3lR
: ð3:23Þ

For Mode I and Mode III cracks, respectively, βi and βθ are the proportionality
factors for these cracks. They depend on AE device characteristics (amplification
factor, frequency response), AE sensor characteristics, etc. Therefore, βi and βθ
should be determined experimentally.

Using both proposed models of crack nucleation, the analytical dependencies
between parameters of a crack and parameters of AE signals are obtained. These
dependencies have shown that the amplitude of an AE signal emitted by the
forming of a penny-shaped crack under sudden tensile or twisting loading is pro-
portional to the crack surface area ðr20Þ and decays as 1/R. The angular distribution
of amplitudes of AE signals can be used to determine the crack space orientation by
a system of AE sensors. The obtained dependencies for amplitudes of AE signals
can be used to develop the techniques of AE testing of nucleation and propagation
of isolated cracks of the normal and twisting fracture modes.

Fig. 3.8 Dependence of UΩ

on Ω: 1 φ = 15°, 2 φ = 45°,
R = 100
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3.2 Modelling the Sub-critical Crack Growth at Local
Areas of Its Contour as a Source of Acoustic Emission
Signals

In order to develop an appropriate model for radiation of AE signals caused by
sub-critical crack growth at local areas of its front, we can consider an elastic
half-space with a planar Mode I macro-crack bound by a smooth contour L.

Let us suppose that at the time t = 0 in local area, where stresses (or deforma-
tions) reach a certain critical value, due to the application of external tensile forces
to a body, a micro-crack nucleates close to a contour of this macro-crack (Fig. 3.9).
As a result of unloading of the surfaces of this newly formed micro-crack from an
initial level down to zero, elastic waves are radiated. They reach the inspected
object surfaces and can be received by AET (Fig. 3.1).

To simplify the problem, we replace this micro-crack with a penny-shaped
Mode I crack of an equal area. If we also suppose that the radius of this
penny-shaped micro-crack is much smaller than the radius of the macro-crack
contour curvature, in this case, instead of the above-mentioned problem, we may
consider the problem of a sudden nucleation of a penny-shaped micro-crack near
the edge of a semi-infinite macro-crack.

If we estimate the resulting components of the dynamic displacement field, we
can now consider a dynamic problem of the growth of a semi-infinite through-crack
in a homogeneous isotropic elastic body. The following angular dependencies of
Uh

i ðbÞ were obtained in [13] for this problem. They correspond to longitudinal and
transverse waves that are valid for the wave front region.

Uh
i ðbÞ ¼ ViðbÞCiðbÞPiðbÞ; i ¼ 1; 2 ð3:24Þ

Here, the functions

Fig. 3.9 The local growth of an internal crack
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Vi bð Þ ¼ 1
1� cc=ci cos b

ð3:25Þ

describe the change in the angular dependence of radiation caused by the crack edge
propagation with velocity cc for a component of longitudinal (i = 1) and shear
(i = 2) waves. Functions

Ci bð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ c1=ci cos b

p
1þ cR=ci cos bð ÞK� �si cos bð Þ ð3:26Þ

where

K�ðgÞ ¼ exp � 1
p

Zs2
s1

gðzÞdz
z� g

8<
:

9=
;; si ¼ 1=ci; ð3:27Þ

gðzÞ ¼ tan�1 4z2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z2 � s21

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s22 � z2

p
s2 � 2z2ð Þ2

( )
ð3:28Þ

describe the effect of the free surface of a semi-infinite crack on the angular dis-
tribution of radiation. Functions

P1 bð Þ ¼ 1� 2 c2=c1ð Þ2cos2 b;P2ðbÞ ¼ sin 2b ð3:29Þ

determine the angular dependencies of maximum values of the displacement vector
module at the fronts of longitudinal and shear waves radiated by the edge of this
crack; cR is the Raleigh wave velocity.

The comparison of expression (3.29) with the dependencies (3.11) and (3.12) for
the case of a penny-shaped crack nucleation shows their similarity. Therefore, if the
radiation of elastic waves is caused by the nucleation of a penny-shaped
micro-crack close to the contour of a macro-crack, then the effect of the free
surfaces of a macro-crack on the displacement field caused by the formation of this
penny-shaped crack can be estimated using the dependence (3.26). Therefore, we
express a radiation field at a distance much greater than the micro-crack radius as a
product of displacement components for an instant nucleation of a penny-shaped
crack in an elastic body (see Eq. (3.9)) by functions CiðbÞ in Eq. (3.16) accounting
for the effect of a free surface.

In a spherical coordinate system ORhu, whose origin coincides with the center
of a penny-shaped crack, the components of a displacement vector at distances
R 	 r0 can be written as follows:
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uR R; tð Þ ¼ C1ðbÞuðdÞR R; tð Þ;
uh R; tð Þ ¼ C2ðbÞuðdÞh R; tð Þ; ð3:30Þ

where functions uðdÞR R; tð Þ and uðdÞh R; tð Þ are determined by Eqs. (3.8) and (3.9),

cos b ¼ cos h sinuþ dffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos h sinuþ dð Þ2 þ sin2 h

q ð3:31Þ

δ = Δ/R, Δ is the distance between the center of a penny-shaped crack and the edge
of a semi-infinite crack. For large R, d ! 0. The components uR and uθ obtained in

Eq. (3.30) have the same time dependence as appropriate components uðdÞR and uðdÞh .
However, the directional characteristic of radiation in this case will differ from
those obtained for a penny-shaped crack.

The numerical results calculated according to the dependencies (3.30) make it
possible to get the directional characteristic of radiation for the case of a
penny-shaped crack nucleation in the vicinity of the macro-crack front. In Fig. 3.10,
this directional characteristic of the maximum values of components uR R; tð Þ is
presented for longitudinal wave and angle u ¼ p=2. The points mark experimental
data obtained in [14]. We can see in this figure that the angular dependence
obtained differs mostly from the angular dependence for an isolated penny-shaped
crack (Fig. 3.4a) at θ close to π. In the case of hj j � p=2, the angular dependencies
practically coincide. Therefore, if an AET is located in this region of angles θ, the
effect of the free surface on AE signals is insignificant.

It follows from the dependencies (3.30) that the magnitude of displacements at
the front of a radiated longitudinal wave is proportional to r20

Fig. 3.10 Angular
distribution of a maximum of
the displacement vector
module for longitudinal wave
during nucleation of a
penny-shaped crack near an
internal crack front
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umax c1j ¼ d1r0r20
qc21R

UðdÞ
1 hð ÞC1 bð Þ ð3:32Þ

i.e., proportional to the area of a nucleated defect.
One can go back to considering the problem on a micro-defect of the S area

nucleation in the vicinity of the internal macro-crack contour. Assuming that S is equal
to the area of amicro-crack and that the amplitudeA of theAE signal is proportional to
the magnitude of displacement at the front of a longitudinal wave, we find that

A ¼ kS
R
UðdÞ

1 ðhÞC1ðbÞ; ð3:33Þ

where k ¼ k0k1 and k0 is a proportionality factor between electrical signals in the
output of AET and the maximum values of displacements at the front of a longi-
tudinal wave, k1 ¼ d1r0=ðpqc21Þ. If during the local growth of an internal crack,
such micro-defects are formed in the vicinity of its contour N, then the total area of
the internal macro-crack growth will be

DS ¼
XN
k¼1

bAk; ð3:34Þ

where b is the proportionality factor.
Thus, as follows from dependencies (3.34), the amplitudes of AE signals caused

by the internal flat crack growth in local areas of its front are proportional to the
total growth area. A relationship of this sort, between A and S, was confirmed
experimentally [15, 16].

3.3 The Effect of Body Boundaries on AE Signals
Caused by the Growth of an Internal Defect

The recording of AE signals is carried out by an AET located on the surface of the
IO. For this reason, an important issue in AE diagnostics is the study of the effect of
the free surface on AE parameters. To investigate the change in the displacement
vector component caused by the boundaries of a body, we will consider the
problem of determining the surface motion due to a sudden nucleation of the
internal penny-shaped crack in a body.

Such a problem can be solved by using the Helmholtz potentials method [17, 18].
In this approach, the solution to the problem could be reduced to the
numerical-analytical solution of the system of singular integral equations with
respect to the unknown Fourier transforms over the time of displacement vector
jumps on the crack surfaces. The necessity of using the numerical methods, both for
solving the singular integrated equations and for inverting Fourier transforms,
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complicates the obtaining of the results and their analysis, in particular, finding the
dependencies between the maxima of surface motion and orientation of a
penny-shaped crack. Therefore, in order to estimate the surface displacement caused
by a sudden nucleation in a half-space of such a crack, we will use the approximation
approaches used in [19].

The geometry of the problem is shown in Fig. 3.11. The plane of a crack forms
an angle Φ with normal to the boundary of a half-space. In a toroidal coordinate
system ORαψ, the angle ψ defines a running point on the crack contour. For each
plane ψ = constant, coordinates ðr0; aÞ form a polar coordinate system whose origin
coincides with this point. The plane ψ = 0 is a plane of symmetry, and d is the
distance between the nearest point of the contour of a penny-shaped crack and the
boundary of a half-space. The Oxyz Cartesian coordinate system will be also used.
Its origin is the point of intersection of the crack plane, the symmetry plane, and the
boundary of a half-space.

For this model, using the results obtained in [19] in the near zone, the overall
(incident plus reflected) displacement on the surface caused by an incident longi-
tudinal wave emitted by the crack in the plane of symmetry ψ = 0 is given by

U1ðR; aÞ ¼ Rð1Þ
x ðaÞiþRð1Þ

y ðaÞj
h i

uðdÞR ðR; hÞ ð3:35Þ

where

Rð1Þ
x ðaÞ ¼ 2e�1 sin 2ðaþUÞ sin d

e2 cos2 2d�sin 2d sin 2ðaþUÞ ;

Rð1Þ
y ðaÞ ¼ 2e�2 cosðaþUÞ cos 2d

e2 cos2 2d�sin 2d sin 2ðaþUÞ ;
ð3:36Þ

Fig. 3.11 A penny-shaped crack in an elastic half-space
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uðdÞR ðR; hÞ ¼ uðdÞR ðR; h; tÞ or uðdÞR ðR; h;xÞ are components of a displacement vector
for the problem of nucleation of a penny-shaped crack in the infinite body both for
the time and frequency domains, respectively, determined by Eqs. (3.8) and (3.9),
i and j are the unit vectors, R is the distance from the crack center to the observation
point located on the boundary of the half-space, R ¼ r0 þ d cos a=ð
cosðaþUÞÞ= cos h, θ is the angle between the plane of the crack and the direction
vector that originates in the center of the defect to the observation point, and the
angle δ satisfies equation

cos d ¼ �e sin aþUð Þ; ð3:37Þ

the motion on the free surface caused by an incident transverse wave for angles
aþU, such that sinðaþUÞj j\e, is given by

U2ðR; aÞ ¼ Rð2Þ
x ðaÞiþRð2Þ

y ðaÞj
h i

uðdÞ
h
ðR; hÞ; ð3:38Þ

where

Rð2Þ
x ðaÞ ¼ 2e�2 cosðaþUÞ cos 2 aþUð Þ

e�2 cos2 2 aþUð Þ�sin 2c sin 2 aþUð Þ ;

Rð2Þ
y ðaÞ ¼ �2 sin 2c cos aþUð Þ

e�2 cos2 2 aþUð Þ�sin 2c sin 2 aþUð Þ ;
ð3:39Þ

uðdÞh ðR; hÞ is equal to uðdÞh ðR; h; tÞ or uðdÞh ðR; h;xÞ, which are the components of a
displacement vector for the problem of a penny-shaped crack nucleation. They are
determined by (3.8) and (3.9), both for the time and frequency domains, respec-
tively. The angle γ should satisfy the Equation

e cos c ¼ � sin aþUð Þ: ð3:40Þ

Equations (3.35) and (3.38) are correct for times corresponding to the near-front
wave region and condition d 	 r0. Taking into account the Eqs. (3.13), (3.14) and
(3.36), (3.39) for the maximum value of the module of the displacement vector
caused by incident longitudinal and shear waves, we obtain the following equation

uðkÞ
maxjci

¼ dir0U
ðdÞ
i ðhÞr20

qc21R
RðiÞ
ðkÞðaÞ; i; k ¼ 1; 2

� �
; ð3:41Þ

where functions UðdÞ
1 hð Þ and UðdÞ

2 hð Þ are defined by Eqs. (3.11) and (3.12) for
longitudinal and shear waves, respectively. Note that for d 	 r0, the difference
between the angles θ and α is insignificant.

In Figs. 3.12 and 3.13, dimensionless maximum values of the displacement

vector module on the surface of the half-space Umax cij ¼ uðxÞ2max cij þ uðyÞ2max cij
h i1=2

=A for

longitudinal and shear waves, respectively, are presented with respect to the
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dimensionless distance l/d between the epicenter (point E in Fig. 3.8) and the
observation point located on the boundary of the half-space, l ¼ dtgUþ x.

The calculations were carried out for crack orientation Φ = 0o (Figs. 3.9a, 3.10a)
and Φ = 75o (Figs. 3.12b and 3.13b), d/r0 = 200. In these figures, 1 denotes the
maximum values of the displacement vector module for an incident wave, and 2

Fig. 3.12 Dependence of the dimensionless value of Umax c1j on the half-space surface on the
dimensionless distance l/d at d=r0 ¼ 200 for a longitudinal wave at the angles of a crack
orientation a Φ = 0°, and b Φ = 75°; Curve 1 corresponds to the surface motion caused only by an
incident wave, and Curve 2 corresponds to the surface motion caused by an overall wave

Fig. 3.13 Dependence of the dimensionless value Umax c2j on the half-space surface on the
dimensionless distance l/d at d=r0 ¼ 200 for a shear wave at the angles of a crack orientation
a Φ = 0° and b Φ = 75°; Curve 1 corresponds to the surface motion caused only by an incident
wave, and Curve 2 corresponds to the surface motion caused by an overall wave
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denotes the maximum values of the surface displacement, both calculated by
Eq. (3.41). As shown in Fig. 3.12 for the case of longitudinal wave, the maximum
values of surface motion exceed the appropriate ones for an incident wave by nearly
a factor of two.

For distances l/d greater than about seven depths of the defect location, the
difference between the maxima of motion caused by an incident wave and an
overall motion on the surface is insignificant. In the case of a shear wave, this
difference becomes small at the distance from the epicenter, approximately equal to
four depths of the defect location.

3.4 The Waveguide Effect on the Change
of the Parameters of AE Signals

While using waveguides in AE measurements, the following should be taken into
account: A waveguide has eigenfrequencies that depend on its geometrical sizes.
AET also has a resonance frequency band; therefore, in order to obtain the fewest
losses during the transfer of AE signals, it is important to match these frequencies to
the components of the measuring system. A cylindrical waveguide is most fre-
quently used in AE measurements since it is the simplest to manufacture and can
easily be attached to the specimen or structure element.

The finding of frequency eigenvalues for a cylindrical waveguide of arbitrary
sizes is a difficult problem [20, 21]. Besides, the use of the solution obtained in
these papers for engineering calculations seems to be rather problematic, so the
approximation approach for selecting the sizes of cylindrical waveguides is pro-
posed in this study. This approach is based on the method of limiting interpolation
[22], whose efficiency is proved for many problems of the fracture mechanics and
AE. As a result, the following approximation expression for calculation of fre-
quency eigenvalues for a cylindrical waveguide of arbitrary length and diameter
[23] is obtained:

ap;q ¼ aðdÞp;qa
ðd�Þ
p;q a

ðsÞ
p;q aðd�Þp;q � aðdÞp;q

� 	
aðsÞp;q

h im
þ aðdÞp;q þ aðd�Þp;q

h imn o�1=m
ð3:42Þ

where aðdÞp;q and aðsÞp;q are the functions appropriate to frequency eigenvalues for a disk

and a rod, respectively, aðd�Þp;q is the value of aðdÞp;q at l=a 	 1, l is the length of the
cylinder, a is its radius (Fig. 3.14). Equation (3.42) precisely takes into account the
limiting cases of interpolation (disk and long rod). Parameter m can be found from
the exact solution of the problem in some intermediate points.

One can now consider the limiting cases of interpolation. For a thin disk, there
will be no stresses in the plane perpendicular to the Oz axis (Fig. 3.14). The
equation for finding frequency eigenvalues for this case can be written as [24]
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thbl
thal

¼ 4abg2

b2 þ g2
� �2 ; ð3:43Þ

where α and β are phase constants for tension and shear along the cylinder axis, g is
a phase constant for a radial direction. These constants are related by the
dependence

g2 ¼ a2 þ h2 ¼ b2 þ k2; ð3:44Þ

where h ¼ xc1, k ¼ xc2 and g is defined by the following equation [24]:

d2J0 gað Þ
d gað Þ2 ¼ g2 þ b2

2g2
J0 gað Þ: ð3:45Þ

Frequency eigenvalues of oscillation for a thin disk fp,q can be found by solving the
system of Eqs. (3.43), (3.45)

fp;q ¼ ap;q= 2plc2ð Þ; ð3:46Þ

where ap;q ¼ klð Þp;q, p and q are integers, alð Þq and gað Þp are q-th and p-th roots of
Eqs. (3.44) and (3.46), respectively. The equation for determining frequency
eigenvalues of a rod has the form of

Fig. 3.14 The cylindrical
waveguide
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x� 1ð Þ2u h0að Þþ 1� exð Þ x� u k0að Þ½ � ¼ 0; ð3:47Þ

where uðyÞ ¼ yJ0ðyÞ
J1ðyÞ , x ¼ c2=c20 1þ mð Þ, e ¼ 1�2m

1�m , c0 ¼
ffiffiffiffiffiffiffiffiffi
E=q

p
is the velocity of

sound in a rod, and E is Young’s modulus, c is a phase velocity.
Phase constant g for a long rod could be divided into two terms h0 and k0

corresponding to tension and rotation components. A phase constant γ of wave
propagation in an axial direction is unique. The relationship between these con-
stants is

h0 ¼ h2 � c2; k0 ¼ k2 � c2; ð3:48Þ

where h and k are given by Eq. (3.44). If the rod has a finite length, the following
condition should hold

cq ¼
pq
2l

; ð3:49Þ

where q is a positive odd number. The eigenvalues of ap;q can be found from the
solution of a system of Eqs. (3.47) and (3.49):

ap;q ¼ pq
ffiffiffiffiffiffiffiffiffi
xp=2

q
: ð3:50Þ

Thus, Eqs. (3.42), (3.46) and (3.50) enable us to estimate the frequency eigenvalues
of a cylindrical waveguide of arbitrary geometrical sizes. As an example, the value
of a1;1 at m ≈ 4.6 was calculated (Fig. 3.15).

The theoretical results obtained were used in choosing the optimum sizes of the
waveguide to estimate the threshold value of KIscc. According to the design
requirements for the test equipment, it was important that the waveguide be
132 mm long. The frequency band of the resonance-type AET was 200–350 kHz.

Fig. 3.15 Dependencies of
the value of a1,1 on l/a
calculated for a disk (Curve 1),
rod (Curve 2) and by
approximation expression
(32) (Curve 3)
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The waveguide diameter should be chosen so that the frequency eigenvalues lie
within the bandwidth of AET. The calculations by approximation Eq. (3.42) have
shown that the given condition is satisfactory if p = 3, q = 3 and p = 1, q = 13.
According to the dependence (3.46), fp;q will be greater than 200 kHz if ap;q � 27; 2.
Herein follows the condition l=a� 10: As the length of a rod is equal to 132 mm,
the waveguide diameter of 13 mm was chosen. (Note that while l=a� 10, the value
of frequency eigenvalues calculated by approximation expression (3.42) and by
dependence (3.50) are identical.)

The normal displacement W at the end face of the waveguide for frequencies
close to eigenvalues can be estimated by the expression given in [24]. Then, using
the dependence (3.41) we obtain the following estimation for the maximum normal
displacement at the end face of the waveguide caused by a crack nucleation in the
elastic half-space:

Umaxjci/
diU

ðdÞ
i ðhÞr20
qc21R

RðiÞ
ðyÞðaÞW ; i ¼ 1; 2: ð3:51Þ

Moreover, using dependencies (3.33) and (3.51), the amplitudes of AE signals can
be expressed as

A / kSUðdÞ
i ðhÞ
R

RðiÞ
ðyÞðaÞW ; i ¼ 1; 2: ð3:52Þ

The investigation of the AE changes caused by the waveguide of a chosen
dimension was carried out within the experimental determination of the threshold
value of KIscc [25]. The research has shown a slight loss in amplitude due to the
waveguide, which confirms the validity of the method of limiting interpolation in
solving these types of problems.

Using the proposed models of nucleation and growth of a crack, as well as the
research of the body boundary and the waveguide effect on the change of the
parameters of AE signals, the analytical dependencies between parameters of a
crack and parameters of AE signals are obtained. These dependencies can be used
in developing the appropriate techniques of AE testing and the equipment as
applied to crack detection.

3.5 The Assessment of Surface Displacements Caused
by an Internal AE Source

If we consider the Rayleigh acoustic waves caused by an internal source pulse
irradiation [26, 27], we know that the surface of the tested body additionally
changes the parameters of AE signals generated by a crack. Such changes are
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ambiguous and depend on the body size and geometry. The results seen in the
literature mainly refer to the research on the epicenter of irradiation [28, 29]. We
can also consider some typical cases that arise during AE testing.

A peculiar feature of the AE recording on large objects is the presence of
Rayleigh waves in addition to longitudinal and transversal ones. Depending on the
transducer location with respect to the epicenter source, waves of a certain type will
prevail. Therefore, at first it is necessary to set the limits of the prevailing waves and
then find the equation for calculating the displacement vector components.

To compare Rayleigh waves with other waves, we can consider the formation of
an internal source in a homogeneous half-space [27]. For simplification, we assume
that at the initial moment of time, at a distance z0 from the free surface, a point
source of irradiation begins to act (Fig. 3.16). Then we should introduce the system
of cylindrical coordinates 0rhz with the center (point O) located in the epicenter on
a half-space boundary and with the Oz axis perpendicular to it.

Boundary conditions on a half-space surface:

rz ¼ srz ¼ 0 at z ¼ 0: ð3:53Þ

The problem formulated is an axisymmetric one. Wave potentials φ and ϕ satisfy
the system of Eq. (2.54) with an additional term in the right-hand part of the first of
the Eqs. (2.54) u0d rð Þd z� z0ð ÞH tð Þ= 2prð Þ, and the initial conditions are zero

r2u� c�1
1 @2u=@t2 ¼ u0d rð Þd z� z0ð ÞH tð Þ= 2prð Þ;

r2/� /=r � c�1
2 @2/=@t2 ¼ 0;

ð3:54Þ

where r2 ¼ @2=@r2 þ r�1@=@rþ @2=@z2;u0 is the source intensity; dð. . .Þis the
Dirac delta function.

Applying the Hankel integral transform to the wave equations with respect to
coordinate r, and the integral Laplace transform with respect to time t, we get the
components of a displacement vector in the Laplace transform domain.

Fig. 3.16 Schematic
presentation of the AE source
in a half-space
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�ur ¼
Z1

0

a2 Bc2 exp �c2zð Þ � A exp �c2zð Þ � u0 exp �c1jz� z0jð Þ½ �J1 arð Þda;

�uz ¼
Z1

0

a �Ac1 exp �c1zð ÞþB exp �c1jz� z0jð Þþu0 exp j � c1zj=sJ0 arð Þ½ �da;

ð3:55Þ

where

c1 ¼ a2 þ s2=c21
� �1=2

; l ¼ 1; 2ð Þ:

The unknown constants A and B are found from the system of two algebraic
equations obtained from the dependences (3.56) that connect the wave potentials
with the components of a displacement vector

ur ¼ �@u=@r � @/=@z; uz ¼ @u=@zþ @/=@xþ/=r ð3:56Þ

and boundary conditions (3.54). Substituting these constants A and B in (3.55), we
find displacements of the free surface in the Laplace transform domain

ur ¼ �@u=@r � @/=@z; uz ¼ @u=@zþ @/=@xþ/=r ð3:57Þ

where

R a; sð Þ ¼ a2 þ s2= 2c22
� �
 �2�a2c1c2

is the Rayleigh function.
Writing the Bessel function J0ð. . .Þ in terms of the Hankel function of the first

kind H0ð. . .Þ as

J0 xð Þ ¼ 0:5 H 1ð Þ
0 xð Þ � H 1ð Þ

0 �xð Þ
h i

[30] and using the expression

H 1ð Þ
0 �izð Þ ¼ 2K0 zð Þ=pi;

where K0ð. . .Þ is the modified Hankel function, after changing the integration
variable a ¼ g=i,we get
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�uz r; 0; sð Þ ¼ 2u0s=pic
2
2

Zi1

�i1
g exp �c1z0ð Þ s2

2c22
��g2

� �
K0 grð Þ
R a; sð Þdg: ð3:58Þ

We find the Laplace inverse transform using the Cagniard method [31]. For this
purpose, modifying the expression (3.58) by introducing a new variable of inte-
gration p ¼ sg and taking into account the relationship K z�ð Þ ¼ K zð Þ½ ��, we obtain

�uz r; 0; sð Þ ¼ 8u0s
pc22

Im
Zi1

0

p c�2
2 � 2p2

� �
exp �s�c1z0ð ÞK0 sprð Þ
R pð Þ dp

0
@

1
A: ð3:59Þ

We can now introduce a real variable of integration s ¼ prþ�c1z0: Then, the
relationship

p sð Þ ¼
rsþ iz0 s2 � R2

0=c
2
1

� �1=2h i
=R2

0; s�R0=c1; R0 ¼ z20 þ r2
� �1=2

;

rs� iz0 R2
0=c

2
1 � s2

� �1=2h i
=R2

0; s\R0=c1

8><
>: ð3:60Þ

describes a contour in a complex plane that consists of the segment of a real axis

�z0c1=R0; rc1=R0½ �for s\R0=c1

and a hyperbola for s�R0=c1. In order to apply the Jordan lemma, consider a
closed contour with an imaginary semi-axis [0, i∞], a line (3.60) and a part of a
circle of a dimensionless radius that encloses an imaginary half-space with this
contour. In the region that binds a closed contour, the integrand does not have
singularities and branch points. The function K0 xð Þ for large values of x has the
asymptote

p exp �xð Þ 1þ o x�1� �
 �
= 2xð Þ1=2:

Therefore, based on the Jordan lemma, the imaginary axis integration in the
expression (3.59) can be replaced by the contour of integration (3.60) over τ that
changes from 0 to ∞. After finding the original of the Laplace transform of the
expression exp �sc1z0ð ÞK0 sprð Þ and its differentiation, we find the relationship to
calculate the displacements on the half-space surface:

uz r; 0; tð Þ ¼ �8u0

pc22

d
dt
Im

Z t

R0=c1

U1 r; t; sð Þ
U2 r; t; sð Þ ds

0
B@

1
CA; t[R0=c1; ð3:61Þ
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where

U1 r; t; sð Þ ¼ ip�c1 �c22 � p2
� �

;

U2 r; t; sð Þ ¼ R sð Þ t � sð Þ1=2 t � s� 2prð Þ s2 � R2
0=c

2
1

� �1=2
:

Derivation by time t and normalization of variables

~r ¼ r=z0;~t ¼ tc1=z0;~s ¼ sc1=z0; ~R ¼ R0=z0; ~uz ¼ �uzz
2
0= 8pu0e

2� �
;~c1 ¼ c1�c1;~c2

¼ c1�c2;

yield a final dependence for calculation of the displacement vector components on
the half-space boundary [27]

uz r; 0; tð Þ ¼ 1
t � R0

Z t

Ro

F1 r; t; sð Þ
F2 r; t; sð Þ ds

0
B@

1
CAH t � R0ð Þ

þ �
Z t

Ro

ReF3 r; t; sð Þ
F2 r; t; sð Þ ds

0
B@

1
CAd t � R0ð Þ;

ð3:62Þ

where

F1 r; t; sð Þ ¼ 0:5 ReF3 r; t; sð Þ sþR0ð Þ�1=2� t � R0ð ÞRe F3 r; t; sð Þ= t � s� 2prð Þð Þ
h

� sþR0ð Þ1=2
i
� Im c22 � p2

� �
c21 � c22
� �� 4p2c21


 �
= R pð Þ t � s� 2prð Þ1=2
h in o

� s� R0ð Þ= sþR0ð Þþ Im 4pc1F3 t; sð Þ 2c1c2 � c1=c2 þ c2=c1ð Þp2
� �
� 2 c2 � p2

� ��
=RðpÞ� s� R0ð Þ1=2= sþR0ð Þ � Re F3 r; t; sð Þf

2irc1 � s2
�


: þR2
0

�1=2i
= 2 t � sþ 2prð Þ½ �g s� R0ð Þ1=2= sþR0ð Þ;

F2 r; t; sð Þ ¼ t � sð Þ1=2 s2 þR2
0

� �1=2
;

F3 r; t; sð Þ ¼ pc1 c22 � p2
� �

= R pð Þ t � s� 2prð Þ1=2
h i

:

Note that in the relationship (3.62) the “*” sign above the normalized values is
omitted for simplification.

From correlation (3.62), it yields that when the longitudinal wave arrives, we
have a delta-pulse, because a source has been chosen as the uniform extension
center. As expected, the decay of amplitudes of the Rayleigh wave with the growth
of the distance between the epicenter and the observation point is weaker than for
longitudinal or transversal waves in space generated by an internal source. At small
distances from the epicenter, the Rayleigh wave is only slight, or even absent
(Fig. 3.17a). With the increase of ~r, the form of an elastic oscillation changes at the
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moment that the Rayleigh wave arrives, and the back and forward fronts of the
pulse become more distinct (Fig. 3.17b).

Using the approach proposed in [32], we can see that the Rayleigh wave
becomes evident if the following inequality is satisfied

jp r=cRð Þ � 1=cRj � 1=cR � 1=c2: ð3:63Þ

Substituting into (3.62) the value from (3.60) instead of p at t�R0=c1; we get [27]

tgb� 2= c2R � 1ð Þ½ �1=2; c2R ¼ c2=cR: ð3:64Þ

The value of c2R is found by putting the function R pð Þ equal to zero and choosing
the largest solution among those obtained [33]. For example, for metallic materials
at v = 0.3, the Rayleigh wave will be observed at distances of r� 5z0. This con-
clusion agrees with the calculations carried out directly from the Eq. (3.62).

Note that when locating the defects or evaluating their parameters, it is essential
to take into account the type of wave that is received. Putting the type of a wave
into calculations incorrectly can yield considerable errors.
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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

4.1 Some General Methodical Guidelines … 111



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.

4.4 Simulation of AE Sources 115

http://dx.doi.org/10.1007/978-3-319-49350-3_2


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

4.6 Spectrum of the AE Signals During Macro-crack Growth 127



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
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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

146 4 Some Methodological Foundations for Selecting …



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,
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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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Chapter 5
Evaluation of Mechanical Characteristics
and Static Crack Growth Resistance
of Materials with the Use of Aes

To diagnose the products, structures or state of their separate elements, it is
important to estimate the strength characteristics of materials and the parameters of
their static crack growth resistance. Among the latter, as mentioned above, there is a
force criterion, SIF, that characterizes both the start of the fracture and the
sub-critical stages of its development.

The results of the experimental research and the analysis of the published data
prove that by using the AE methods, it is possible to determine the parameters of
static crack growth resistance of structural materials more effectively. Having such
preliminary experimental parameters of material fracture toughness, it is possible to
use the investigation results for the creation of the methods of AE testing and
diagnostics of products and structural elements.

Since the most widespread and dangerous defects—from the viewpoint of
fracture mechanics—are the crack-like defects, the problem has been set forth to
elaborate the methods for AES evaluation of the initial stages of their development.
This leads to the task of clearly determining the moment of a macro-crack start and
distinguishing the AE signals generated during the development of plastic defor-
mations in the vicinity of the existing macro-crack. These methods are discussed in
this chapter.

5.1 Identification of the AES Generated During
Plastic Zone Growth

It is known [1, 2] that PD and MC growth differs in the amplitude distribution of
AES. In these papers we see that PD of the material, although occurring in large
areas by relatively small single deformation increments, is accompanied by long
AES of insignificant amplitude, while during a jump-like propagation of a crack
with approximately the same consumption as for PD energy, the AE is generated in
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the form of discrete burst pulses of large amplitudes. Such AES identification is
effective in the case when there are only two mechanisms of the AE generation: PD
and macro-crack growth. However, in real structural materials, additional AE
sources appear, e.g., fracture of brittle inclusions or formation of micro-cracks
corresponding to the linear section of the P-v diagram long before the point of its
deviation from linearity [3, 4]. These processes are accompanied by the AES,
whose amplitudes are higher than for those caused by PD, but smaller than during
macro-crack propagation (sometimes commensurable with them). In such cases, it
is quite complicated to interpret the results for evaluation of the moment of the
crack start by the AES. However, in each case, in order to solve the problem of the
AES identification, it is necessary to find quantitative relationships that permit
distinguishing the processes of macro-crack growth among the other AE sources.
This factor is taken into consideration in the method developed.

Specific features of the AES generation during the PD formation in a material
were evaluated using the following method: At first, several specimens of each
material with the preliminarily induced fatigue cracks were tested, up to a complete
failure, recording the “P-v” and AE diagrams simultaneously. Having the value of
r02 of the material and determining the value of KC (maximum value of SIF) from
the experiment in a first approximation, the plastic zone (PZ) r1p radius under con-
dition KI = KC for each material was analytically determined by Formula (5.1) [5]:

rp ¼ K2
I =4p

ffiffiffi
2

p
r2
0:2; ð5:1Þ

where r0,2 is conventional yield strength of the material. Thus, the maximum value
of the PZ radius r1p at the macro-crack tip was obtained. Now, in order to identify
the AES as maximally as possible from the processes of PZ formation (initiation
and propagation of pores, micro-cracks, fracture of inclusions, etc.), we have to
form the PZ approximately equal to this maximum value, but only provided that
there is no macro-crack sub-critical growth. For this purpose, the following cal-
culations were made:

The approximate solution for the 3-D elastic problem for a body with a thin
inclusion was found in study [6]. According to the results obtained, the distribution
of stresses ryy at the tip of a notch of radius q can be written as

ryy ¼ 2KIðxþ qÞ½ ffiffiffi
p

p ð2xþ qÞ3=2��1; ð5:2Þ

where x is the distance from the notch tip.
Taking into account that yielding begins when ryy ¼

ffiffiffi
3

p
r0:2 [7], we get

ffiffiffi
3

p
r0;2 ¼ 2KIðx� þ qÞ½ ffiffiffi

p
p ð2x� þ qÞ3=2��1; ð5:3Þ

where x� is the point of a body where yielding occurred, and which is located at a
maximal distance from the concentrator. When the value of q is known, putting
x� ¼ r1p , we evaluate the factor KI on which the specimen with a notch of a known
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radius, approximately the same PZ is formed as for the specimen with macro-crack
of similar thickness. Then from Eq. 5.3, we get

KI ¼
ffiffiffiffiffiffi
3p

p
r0:2 2x� þ qð Þ3=2½2ðx� þ qÞ��1: ð5:4Þ

Hence, using well-known formulas [8] to evaluate the static crack growth resistance
of materials, we can write (for instance, in the case of prismatic specimen
three-point bend testing) the dependence for evaluating the load P applied to the
specimen with a notch of radius q in order to form the PZ of the calculated
dimensions at its tip, assuming in calculations a notch to be a crack

P ¼ KIB
ffiffiffiffiffi
b3

p
L�1Y�1

4 ; ð5:5Þ

where L is the distance between the supports (three-point bending), B is the
thickness and b is the specimen height, Y4 is the correction factor Y4 = f(l/b), and l is
the notch depth. For a compact tensile specimen, formula (5.3) takes the form

P ¼ KIB
ffiffiffi
b

p
Y�1
3 ; ð5:6Þ

where Y3 is a similar correction factor for a compact specimen.
Having such previous data, the AES was evaluated during the PZ formation on a

notched specimen. The experiments were conducted on prismatic and compact
specimens containing an induced notch with a radius tip of q = 0.8 mm. Specimens
were made of 38XN3MFA and 45 steels, and of aluminum D16-T and 1201-T
alloys (mechanical characteristics are given in Table 5.1).

The test setup is described in [2] (Fig. 5.1). The AE was recorded by a resonance
AET with a frequency of f0= 260 kHz, mounted on the polished lateral surface of
the specimen. Signals from the AET passed to a preliminary wide-band amplifier
with an amplification factor of 34 dB, and then through an AE device of AVN-3
type, which contained a block of filters with the pass band of 160…350 kHz and
transmission coefficient equal to 1, the unit of basic measuring amplifier (with
adjusting amplification factor with a step of 1 or 10 dB) and a unit of the AES
processing. Then the signals passed to a fast-acting recorder, where the loading
force P was additionally recorded in real time. The amplification factor of the AE
channel was 84 dB, and the level of discrimination, i.e., the threshold level of the
AVN-3 device, was 65 dB. The graph plotter simultaneously recorded the fracture

Table 5.1 Mechanical
characteristics of alloys

Parameter Material

D16-T 1201-T 38XN3MFA Steel
45

r0.2, MPa 138.4 330.7 1110.0 599.7

rb, MPa 208.96 443.6 1570.2 739.9

d, % 9.37 4.75 12.2 1825

W, % 30.56 7.54 56 65.3
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diagram “P-v”, and the record scale was 400:1. Loading force P was transmitted for
recoding from a strain gauge dynamometer through a direct current amplifier of the
U7-1 type, while the value of the macro-crack opening was measured by the strain
gauge and processed similarly. The loading was applied using the SVR-5 equip-
ment [9].

Several specimens were chosen for the recording of a fracture AE diagram from
the start of loading to complete the failure of the specimen in order to evaluate the
KC. Then, using the known values of r0.2 and KC for this material, the maximum
size of the plastic zone at the crack tip, when KI = KC, was estimated. Afterwards,
following the methods proposed above, the value of the force required for the
formation of approximately the same PZ at the notch tip and the crack in the
specimens specially prepared for this purpose was determined. The experimental
results are presented in Table 5.2 and in Fig. 5.2.

It is necessary to point out that for maximal elimination of the effect of noise and
casual AES, which can be generated by the supports and an indenter during testing,
specimens with the notch of radius q = 0.8 mm were shunted first. Later on, they
were loaded to the value exceeding this load level established for the test specimen
or calculated preliminarily by 15…20% [10, 11]. Thereafter, taking off a shunt, the
specimens were tested with a loading rate in accord with the requirements [8],
simultaneously recording the “P-v” diagram and the AES (cumulative count N,
amplitude A) parameters up to the necessary value, and at the moment of attaining

Fig. 5.1 Experimental setup:
1 is AET; 2 is a specimen; 3 is
a preliminary amplifier; 4 is a
block of filters; 5 is an
amplifier; 6 are processing
units; 7 is a recorder; 8 is a
graph plotter; 9 is a
strain-gauge dynamometer;
10 is a direct current
amplifier; 11 is a strain gauge
of displacement; and 12 is a
loading device

Table 5.2 Investigation results

Material B, mm l/b KI, MPa√m x*, mm P, kN Specimen type

D16-T 10 0.49 43.36 5.494 5.57 Prismatic

1201 20 0.49 38.59 0.856 14.95 Prismatic

38XN3MFA 10 0.52 137.98 1.969 19.1 Prismatic

Steel45 20 0.48 44.5 0.3 17.8 Compact
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the value, the specimen was unloaded. All the tests were conducted by our method,
using the parallel AE channel [12].

As the experiments show, each of the alloys possesses its own features of elastic
AE wave radiation during initiation and propagation of micro-cracks and
macro-defects in the PDV. From this point of view, 38XN3MFA steel is the most
active, where the AES of large amplitudes are generated almost from the start of the
loading. During slight (i.e., fractions of a percent) deformations, single AES appear
with amplitudes exceeding 6 relative units (a.u.). With the deformation increase, the
amplitudes of discrete AES also tend to increase. Figure 5.2 shows the amplitudes
of the AE event envelope curve that were detected in the time interval of 1 ms.

Low-amplitude AES are inherent to the D16-T alloys and steel 45. When the
applied load approaches the calculated value of P, all the alloys tend to increase the
AES amplitudes. This proves (as will be shown in this chapter) the jump-like
character of the macro-crack initiation and propagation of the material tested.

Thus, we have preliminarily set the reference level of the AES amplitudes that
accompanied the formation of the PDV and the features of their qualitative dis-
tribution. For 38XN3MFA and 45 steels, the maximal amplitudes of AES were 30
and 25 a.u., respectively, and for the aluminum 1201-T and D16-T alloys, they
were 18 and 6 a.u., respectively.

5.2 A Method for Evaluating a Macro-Crack Start

It was stated in [13] that the AE radiation originates earlier than macro-crack
propagation and is not directly related to this process. This means that the AE
excitation depends on PD at the macro-crack tip and is proportional to the volume
of PZ under the plane strain state, where the tri-axial stress state is formed and AE is
generated just at the moment of the micro-crack initiation therein, when there is a

Fig. 5.2 Typical character of AES amplitude change under specimen loading up to the calculated
value of P (top-down): D16-T; 1201-T; steel45; 38XN3MFA
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cracking or delamination of the second-phase particles from the matrix surface
within this PZ. These statements are based on the previously published test results
[14, 15] where it is proposed to assume that the beginning of a macro-crack growth
corresponds to the moment of a qualitative change in the AES count rate in the AE
diagram (AG), which is recorded together with the “applied force P—crack opening
v” diagram (Fig. 5.3). This value of the stress intensity factor KIS, which we have
proposed to take as a macro-crack start evaluated by PS, instead of PQ, as standard
[7] requires, has lower values compared with KIC. Moreover, the proposed value of
KIS is invariant with respect to the specimen thickness, loading mode, and testing
temperature [16–18]. Thus, evaluation of the moment of macro-crack start by the
AE signals, namely by the KIS value, is more reliable than using the KIC value.

Thus, the idea proposed for the first time in [19], which says that by using the
qualitative parameters of AES it is possible to determine the macro-crack start, was
further developed in [14, 15, 17, 18]. However, interpreting this idea in these
studies, the authors used only the qualitative AES distribution on the AG based on a
drastic increase of the AES amplitudes at that moment. Therefore, it is necessary to
investigate the validity of this statement, i.e., to establish experimentally whether
this fact really corresponds to the moment of the macro-crack start. For this pur-
pose, it is necessary to have a preliminarily found maximum level of the AES and
their time distribution during the formation of the plastic deformed volume at the
stress concentrator. Having established these values, the tests were performed in the
following way.

Prismatic, compact, and cylindrical specimens were used in the experiments
(Fig. 5.4), which were loaded by three-point bending and tension, respectively,
keeping to the requirements of [8]. Thus, a specimen with an induced fatigue crack
was smoothly loaded, and at the same time a fracture diagram “P-v” and AG were
recorded. At the moment when the AES with amplitudes higher than the reference
level appeared, the loading stopped (the value of the corresponding applied load is

Fig. 5.3 A method for
schematically evaluating a
macro-crack start
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denoted by PAE) and the specimen was unloaded (Fig. 5.5). In another case, the
applied load slightly exceeded the value of PAE. The specimen was removed from
the testing machine and new surfaces were thermally tinted; then the specimen was
placed in liquid nitrogen and ruptured by impact loading.

The experimental setup (Fig. 5.1) and modes of selection, processing, and AES
recording were the same as for the testing of specimens with a concentrator.

Fracture surfaces, especially the juvenile tinted surfaces, were investigated, and
MIM-12 or laboratory MBS-9 microscopes were used for this purpose. The length
of the fatigue crack was measured using the methods described in [8]. Then, the
value of KIS, i.e., the SIF, was calculated for the PAE point. The results of the
research are shown in Fig. 5.6.

As our experiments have shown, for an applied load of PAE, the thermal-paned
new surfaces can be revealed by a special method that consists of the following: It is
necessary to carefully examine the fracture surface with a microscope of a great
magnification, illuminating the subject table both directly and at various angles. In
some cases (for instance, for aluminum alloys) thermal painting must be performed
in a certain environment, choosing the optimum temperature of a thermal chamber.
Having combined these factors for different alloys, we succeeded in measuring the
macro-crack increment for the applied loads higher than PAE and proved its absence
or insignificance at the point of PAE. We were most successful with structural steels,
especially 38XN3MFA steel.

Fig. 5.4 Prismatic (a) and compact (b) testing specimens: 1 is notch, 2 is fatigue crack, 3 is
specimen body
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Thus, the analysis of the fracture surfaces of specimens confirmed a hypothesis
that the method of a macro-crack start evaluation by the qualitative change in AG,
namely by the moment of a drastic growth of the AES amplitudes, makes it possible
to determine the actual moment of the macro-crack start. In this way, the criterion,
postulated in [14, 15, 17–19], was verified.

Applying linear fracture mechanics to the estimation of the defects’ sizes or the
dynamics of their initiation and propagation in the material of structures is

Fig. 5.5 Schematic presentation of characteristic P-v fracture diagrams and synchronous AG for
1201-T alloy prismatic specimen testing

Fig. 5.6 New surfaces on the fracture surface of prismatic 9 HF (a, b) and 38XN3MFA (c,
d) steel specimens for the KI values: a is 1.01…1.03 KIS; b is 1.04…1.08 KIS; c is 1.1…1.13 KIS
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impossible without establishing the relationship between the KIS parameter and the
cracked specimen shape and sizes. If the KIS invariance with respect to these factors
is held, then we have a necessary and sufficient condition for its applicability in
diagnosing the products and structures by the AE method.

In the experiments, we used structural low- and medium-alloyed steels, and
aluminum alloys. The research was done this way because this class of materials
had been widely studied according to the literature, and it was, therefore, important
to compare the results that we obtained with data from the literature. Thus, KIS was
evaluated by our method, as described above. Prismatic, compact, and cylindrical
specimens made of 45 and 38XN3MFA, aluminum alloys of grades D16-T and
1201-T of various thicknesses with preliminarily induced fatigue cracks in com-
pliance with the standard requirements [8] were used. In Fig. 5.7 and in Table 5.3,
the dependences of KIS on the specimen thickness B for these materials are shown
and test results are presented.

The data from the experiment show the invariance of the fracture toughness
parameter KIS with respect to the specimen thickness, its form and loading mode for
the same material. It correlates well with the research results [17], where a similar
invariance is shown for the 12XN4D2MFL and 20XN2D2MFL cast shell alloys
(compact tensile specimens from 80 to 150 mm thick and prismatic three-point
bending specimens from 25 to 60 mm thick for the first alloy, and 25 mm thick for
the second), medium alloyed 15XN5MF (prismatic three-point bending specimens
from 40 to 100 mm thick), and 38XN3MFA (cylindrical tensile specimen with a
20–95 mm diameter) structural steel specimens.

There are numerous reports in the literature indicating that the AES can still be
observed before the beginning of the macroscopic fracture; however, there are no
unified data on the applied load level and material type when AES arise. Therefore,
during fracture toughness testing of specimens it was necessary to find the corre-
lation PAE/Pf (Pf is final force during macro-crack inducing) and thus to establish
the moment of the AES initiation for our materials and to analyze the effect of the
KE on this factor [20].

Fig. 5.7 Dependence of KIS

on the specimen thickness
B for different materials and
loading modes: 1 is
38XN3MFA steel; 2 is steel
45; 3 is 1201-T; 4 is D16-T
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It follows from Table 5.3 that for the specified materials, the PAE/Pf value is in
the 0.88–0.98 range for 38XN3MFA steel; from 0.98 to 1.28 for 45 steel; from 1.18
to 1.44 for D16-T; and from 0.7 to 1.19 for 1201-T. That is, the generalized range
of value scattering is from 0.87 to 1.44, which is given by the dispersion of the PAE

value in the vicinity of point Pf with an average deviation of ±28%, i.e., within the
experimental error data scattering range. It is clear from Fig. 5.8 that with the
growth of strength characteristics of the material, the PAE/Pf has a tendency to
decrease. This proves that the AE elastic waves initiate propagation prior to the
moment of macroscopic macro-crack, i.e., AE is related directly to PD growth at the
macro-crack tip.

The results obtained from the experiment concur with the results of [13], where,
as already mentioned in this chapter, within the range of r0.2 values from 275 to
1550 MPa for the 5–25 mm. thick specimens, cut from a rolled metal at various
angles to the rolling direction, the PAE/Pf scattering values were within the limits of
0.8–2.0. It is possible to say that we succeeded in combining the conditions of

Table 5.3 Experimental data
on the estimation of the crack
growth resistance
characteristics

Material B,
mm

l/b KIS,

MPa√m
PAE/
Pf

∅20 – 28.49 1.28

Steel45
cylindrical

∅25 – 30.55 1.17

∅30 – 24.7 1.14

Steel 45
prismatic

10 0.51 30.95 1.25

20 0.50 31.35 1.18

10 0.51 27.3 1.16

Steel 45 compact 15 0.46 26.4 1.12

20 0.48 26.8 0.98

10 0.52 69.1 0.98

38XN3MFA 20 0.51 63.4 0.88

Prismatic 30 0.53 72.36 0.92

40 0.48 61.88 0.90

8 0.46 19.94 1.19

1201-T prismatic 16 0.48 22.29 1.14

25 0.45 19.2 1.01

8 0.51 20.3 1.04

1201-T compact 12 0.50 22.4 0.93

20 0.52 21.2 0.87

10 0.52 19.32 1.44

D16-T prismatic 20 0.48 19.75 1.42

25 0.48 18.1 1.21

10 0.46 17.1 1.18

D16-T 20 0.45 17.9 1.34

25 0.48 18.4 1.36
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inducing the fatigue macro-crack and in performing the AE tests of fracture by the
methods discussed above.

Thus, during the macro-crack propagation, a PZ develops at its tip accompanied
by the AE waves reflecting the dynamics of these processes. Therefore, it is pos-
sible to experimentally estimate the moment of sub-critical macro-crack start and
growth.

5.3 AE Estimation of the Stages of Sub-Critical Crack
Propagation

5.3.1 Types of Specimens and Modes of AE Signals
Selection

38XN3MFA structural steel. This steel is widely used in engineering and, in par-
ticular, in manufacturing the parts of the equipment for heat and nuclear power
plants. Prismatic specimens sized 10 � 20 � 100 mm with an edge fatigue crack
were tested. Chemical composition of the steel (in %) is as follows: 0.33…0.4 C;
0.025 S; 0.1…0.18 V; 0.17…0.37 Si; 0.25…0.5 Cu; 0.35…0.45 Mo 3.0…3.5 Ti;
1.2…1.5 Cr. Standard mechanical characteristics of the steel after quenching at
860 °C (oil) are shown in Table 5.4.

Two types of specimens were tested. They differed in the temperature of
annealing—650 and 620 °C, respectively. Specimens with a higher annealing

Fig. 5.8 Scattering of the
PAE/Pf values for materials
with different yield strength.
Filled triangle is D16-T; filled
circle is 1201-T; empty
triangle is steel45; empty
diamond is 38XN3MFA

Table 5.4 Some mechanical
characteristics of 38XN3MFA
steel

Annealing, °C r0.2, MPa ry, MPa d, % w, %

670 931 1049 17 60

620 1118 1196 14 52

580 1120 1223 14 56
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temperature were subjected to nitriding [21]. As a result, a brittle, near-surface layer
formed on them. For the AES selection on the specimen lateral surface at a distance
of 20 mm from the crack tip, an AET was mounted whose electric signals were
transmitted to the measuring path of the AVN-3 device (Fig. 5.1). This transducer
was located in the same place for all specimens. The characteristics of the AE path
were as follows: the resonance frequency band was 0.2…0.5 MHz, amplification
factor of the whole path was 50 dB, pass band of filters was 0.16…0.35 MHz with
the transmission coefficient of filters equal to 1, and the threshold level of the AE
signals of 0.2 V. The amplification factor of the preliminary amplifier was recorded
to be 34 dB in the 0.1–1.0 MHz frequency range.

The macro-crack propagation along the lateral surface of the specimen was
observed by the MBS-9 microscope. Specimens were loaded under three-point
bending on the SVR-5 machine with the synchronous record of the “load P–
bending f” diagram and AG.

The roll-foundry 9XF steel. Prismatic specimens of the cross-section of
25 � 50 mm with an edge crack were manufactured. They were loaded by the
three-point bending. The value of KIc for this steel can be calculated using formula
[22] with an accuracy of 10%

KIc ¼ 60� 21 r=Rð Þ; ð5:7Þ

where r is the distance from the roll center, and R is the radius of the rolling mill
roll.

The AVN-3 device with the following measuring modes was used in AE
research: resonance frequency band of the TAE was 0.2…0.5 MHz, the total gain
of a measuring path was 74 dB, and the working frequency band was 160…
350 kHz. The results of the research are shown in Fig. 5.10a.

Gray, malleable and high-strength cast irons were used after special melting
(Table 5.5) [23]. Malleable cast iron was obtained by a double process: melting in a
cupola, and then in the arc furnace. Gray and high-strength (modified by ligature)
cast irons were melted in a cupola furnace only.

Prismatic specimens of the cross-section of 12 � 18 mm (7…9 specimens from
each cast iron grade) containing an edge fatigue crack were subjected to three-point
bending. The specimens were loaded in the UME-10TM testing machine with the
grip speed motion of 0.5 mm/min. At the same time, the “loading P—specimen
bending f” and the “loading P—crack opening d” diagrams, as well as AG, were
recorded. The experimental setup is shown in Fig. 5.1.

The AE parameters were simultaneously recorded by AVN-3 and ARUP-3
devices by two methods. According to the first method, two AET were mounted on
the specimen symmetrically with respect to the fatigue crack. Their outputs were
connected to the AVN-3 device (the amplification factors of the measuring path
with the preamplifier were 74 and 84 dB, the working frequency band was 120…
350 kHz, the transducer resonance frequency was 250 kHz) and the ARUP-3
device (the amplification factor of the path was 60 dB). The ARUP-3 device was
alternately connected to the transducers with resonance frequencies of 150, 230,
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450, and 800 kHz. For every transducer, the proper working band of the ARUP-3
device was set: 100…300 kHz, 0.3…1.0 MHz, and 1.0….2.0 MHz. According to
the second method of recording, the preamplifier of the AVN-3 device (the
amplification factor—84 dB, working frequency band—120…350 kHz) and
ARUP-3 device (the amplification factor—60 dB, working frequency band—100…
300 kHz) were connected to one AE transducer with a resonance frequency of
250 kHz. The recording by these methods was done alternately on the specimens
made of the same material. The parameters of AE signals from the AVN-3 device
(the amplitude, the power of signals, the cumulative count, and the AE count rate)
and ARUP-3 device (the AE count rate) were transmitted to the fast-acting plotter
of the N-338/6P type. An oscilloscope was used to observe the level of background
noise and emission signal passing. The results of the experiment are summarized in
Fig. 5.10b.

Titanium Ti3Al alloy. Plate specimens with the cross-section of 10 � 60 mm
containing one- or two- edge cracks were manufactured [24]. Specimens were
loaded by the URS-50/50 testing machine. Simultaneously with the “P–d” diagram,
the AE diagrams were also recorded. The operating parameters of the AVN-3
device were as follows: total gain was 64 dB, frequency was 120…360 kHz,
threshold level—0.4 V. The results of the experiment are shown in Fig. 5.10c.

Table 5.5 Heat treatment conditions and some mechanical characteristics of cast irons

Cast-iron Type of heat treatment Structure
of matrix

r0.2 rb Hardness,
HB

Gray Cast 50%
ferrite,
50%
pearlite

– 182 187

Annealing 900 °C, cooling rate 20°/h Ferrite – 151 131

Malleable Annealing 900 °C Ferrite 204 352 121

Annealing 900 °C, normalization from
920 °C

Lamellar
pearlite

294 604 –

Annealing 900 °C, normalization from
920 °C, annealing 680 °C, 3 h

Granular
pearlite

297 510 179

Annealing 900 °C, cooling rate 100°/h Pearlite,
20%
ferrite

246 452 183

High-strength Annealing 900 °C, 3 h cooling in a
furnace

Ferrite 290 456 179

Annealing 950 °C, 3-h normalization Lamellar
pearlite

625 804 269

Annealing 950 °C, 3-h normalization,
annealing 680 °C, 6 h

Granular
pearlite

502 681 241

Annealing 950 °C, 3-h cooling rate
1000/h

Pearlite,
20%
ferrite

482 604 229
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Basalt, ash, and slag concrete. Prismatic specimens of a cross-section of
100 � 100 mm were used (Fig. 5.10d and Table 5.6 [25]).

Specimens contained 21 mm deep notches with the angle of the notch tip at 60°
and a radius that did not exceed 0.1 mm. They were subjected to three-point
bending in the test machine FP-100/1 (Fig. 5.1). The AET with a resonance fre-
quency of 250 kHz received the AES. The amplification factor of the AE path was
84 dB in the frequency band of 120…360 kHz, and the device threshold level was
0.4 V.

5.3.2 Interpretation of Investigation Results

The AG of 38XN3MFA steel can be divided by the AE activity into three regions
(Fig. 5.9): The first AE signals of large amplitude appeared in an elastic area at
early stages of loading the specimens. This was assumed to be the beginning of the
first region. A further growth of cumulative count during specimen-bending
occurred more or less linearly. The appearance of the second region in the AE
diagram is characterized by a jump in the N–f dependence. The increase in N is
similar to that in the previous region. An abrupt increase in N, growing up to the
maximum load, occurs in the third region. Note that at lower amplification factors
of AE devices, the qualitative change of the count rate was the same [26].

To compare the AE signals with the processes of local failure of 38XN3MFA
steel, the following research was conducted: Specimens were being loaded until
Regions I, II, and III appeared in AG. Then they were unloaded and fractured by
impact loading. After each loading-unloading cycle, a trace was formed on the
specimen fracture surface that corresponded to the crack front location during
unloading. These experiments showed that there is no crack growth in Region I.
The AES in this region are obviously caused by the fracture of carbides [23]. The
beginning of Region II coincides with the crack start, and its propagation is slow in
this area.

For 9XF steel, Region I is less distinctive. An abrupt growth of the amplitudes of
the AE signals and their cumulative count takes place at the moment that the crack
starts (Fig. 5.10). The unloading of specimens, their thermal tinting and final fail-
ure, as described above, confirmed the start of the crack after an abrupt growth of
these parameters.

Table 5.6 Composition of basalt ash and slag concrete B-15

Cement,
kg

Sand,
kg

Macadam,
kg

Ash and
slag, kg

Basalt
fibre, kg

Water,
kg

SBG,
%

SK,
cm

250 350 1050 300 150 175 0.29 1…
4

SK shrinkage of cone; SBG sulphide-barm grain
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For every type of cast iron, depending on the matrix composition and graphite
shape, the parameters of AE signals were different. However, for all of them in
various conditions of AE measurements, three regions of the AE activity were also
distinguished, although the nature of their origin is somewhat different from that of
steels. The first of them appeared immediately after load application, which means
that AE was not caused by the development of defects in the material but by
grinding the indenter and supports to the specimen. Therefore, the signals in this
region were not taken into account. The second region with the parameters of
signals similar to the first one appeared soon after the start of loading (Fig. 5.10b).
Fractography analysis showed [27] that the corresponding AES were generated due
to the delamination of graphite from a metallic matrix, graphite inclusions failure,
and, possibly, due to the friction of crack faces during opening. The third region
differed mainly by the parameters of AE signals. To detect the sources of signals
corresponding to it, the sub-critical crack front on the surface of the specimen
fracture was thermally tinted. Before the appearance of the third region—and
immediately after it—the specimens were unloaded and the macro-crack was
cyclically extended. As a result, it was found that the signals of the third region
were conditioned by a sub-critical crack growth.

Note that estimation of the crack start and the corresponding SIF for cast irons is
an extremely important task from the point of view of fracture mechanics. This is
explained by the fact that micro-defects intensively initiate in graphite inclusions
and at the graphite-metallic matrix interfaces during the loading of cast irons. As a
result, the behavior of cast irons becomes nonlinear-elastic. During the loading of
ferrite-based cast irons, the “P-d” diagram is dome-shaped, making the application
of a standard method of KIc estimation impossible [8]. In this case, the specimens

Fig. 5.9 The “load P—
bending f” diagram and a
change in the cumulative
count of AES N under static
loading of 38XN3MFA steel
specimens: A is a pre-induced
fatigue crack area; B is a
sub-critical crack growth area;
C is a fracture area
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did not fail spontaneously, rather following a time of slow, sub-critical macro-crack
growth. Fracture surfaces of such specimens were smooth and without stretches.

AE diagrams of Ti3Al titanium alloy were similar to those of 38XN3MFA steel.
The second region was more distinct, which is characterized by an abrupt growth of
the AES amplitudes and their cumulative count (Fig. 5.10c).

The first AE signals appeared due to insignificant loading, possibly the grinding
of the indenter and supports to the specimen. They were characterized by low
amplitudes and small cumulative count.

Fig. 5.10 Time dependence of loading P, medium amplitude �A and cumulative count N of AE
signals for: 9XF steel (a); gray cast-iron (b); Ti3Al alloy (c); ash and slag concrete (d)
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Structural changes in a concrete, such as a fracture of slag inclusions or basalt
fibres, the delamination of macadam from the matrix, etc., caused the appearance of
the second group of signals in the AE diagram. In this case, the medium amplitude
increases 1.4…1.7 times, and the AE count rate increases 2…3 times. The
dependence of the cumulative count N on SIF at this stage of loading can be
expressed by the empiric dependence N ¼ b KI � KIAEð ÞþN0 where KIAE is the
value of KI during the appearance of the AE signals of the second group, N0 is the
N value at KI = KIAE, b is the proportionality factor. The mean values of these
parameters are b = 0.55�104/MPa√m, N0 = 0.4 � 104. The third region of the AE
activity, which begins somewhat lower than the point of deviation from linearity in
the curve “P-d”, is characterized by a further 2.5…3 times growth of A and N. It is
caused by the beginning of sub-critical crack growth that can be visually observed
on the lateral surface soon after the appearance of the AE activity.

Thus, the AE signals caused by the crack and plastic deformations growth, by
local fracture of structural elements, and by grinding the indenter and supports to
the specimen, are selected from a whole AE information by analyzing the quali-
tative changes in their parameters. This made it possible to evaluate the load P at the
moment of the crack start that corresponds to it (Fig. 5.3), and to calculate the stress
intensity factor KIs by the known crack length. Conventional characteristics of crack
growth resistance KIc and KImax (as well as KIs) were evaluated according to [8],
using the values of Pc and Pmax known from the diagram “P-d” and from the
corresponding crack lengths. The values of these parameters are given in Table 5.7.

Table 5.7 Parameters of crack growth resistance of materials

Material KIs,
MPa√m

KIc,
MPa√m

KImax,
MPa√m

Comment

38XN3MFA 45 – 110 –

57 – 180 Nitrided

9XF 19.7 31 40 –

Gray cast iron 25.4 26.3 39.2 50% ferrite,
50% pearlite

27.5 28.1 40.1 Ferrite

Malleable cast iron 37 42 64 Ferrite

36 45 87 Lamellar pearlite

32 40 84.8 Granular pearlite

35 36 78.8 Pearlite,
20% ferrite

High-strength cast iron 47 57.5 94 Ferrite

29.5 34 34 Lamellar pearlite

54 61 82 Granular pearlite

53 56 76.1 Pearlite,
20% ferrite

Titanium alloy 50 63.5 11.7 1st edge crack

46.5 64.8 85.6 2nd edge crack

Basalt ash and slag concrete 0.09 – 0.16 Grade 200
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For the steels investigated, the value of KIs KIs is two times less than KImax. For
cast irons, depending on the matrix composition and graphite form, the ratio of
KImax to KIs is in the range of 1.15–2.42. Thus, the method developed permits
determining the important parameter KIs using the “P-d” diagram and AE data.

5.4 Estimation of a Macro-Crack Length Increment
and SIF Increase Under Static Loading

To use the AE method for the crack growth examination, the following must be
done:

• Estimate the information parameters that indicate the crack start and growth;
• Find the dependencies between the value of crack length increment and the AE

signals; and
• Develop the corresponding experimental methods.

The problem of selecting the informative AE parameters for detecting the crack
growth was studied above, so we will not discuss it here. Instead, we will consider
the second and third problems.

5.4.1 Some Theoretical Bases for AE Estimation
of Macro-Crack Propagation Parameters

The increment of a through-crack length under its sub-critical propagation is related
to the stress intensity coefficient KI in the following way [28]:

Dl ¼ �ag KIð Þ; ð5:8Þ

where a ¼ a1EK2
max=2r

3
0:2; a1 is the dimensionless factor that depends on Young’s

modulus E, the yield strength and Poisson’s ratio m; the function g . . .ð Þ is defined
by the relationship

g KIð Þ ¼ K2
I � K2

IS

� �
=K2

max þ ln K2
max � K2

I

� �
= K2

max � K2
IS

� �� �
:; ð5:9Þ

KIs and Kmax in (5.9) are the initial and maximal values of KI.
Based on the relationship (5.10)

N ¼ �blsf KI0; KI; Kcð Þ; ð5:10Þ

178 5 Evaluation of Mechanical Characteristics …



where

f KI0;KI;Kcð Þ ¼ 2g KI0;KI;Kcð Þ=a K2
I þK2

I0

� �
; bls ¼ cals; ð5:11Þ

if N is equal to the number of crack jumps c = 1 the expression for KI estimation by
N for significant AE signals before the crack start can be written by formulas:

N ¼ �bltl KIð ÞþN0l; tl KIð Þ ¼ 2g KIð Þ=a K2
I þK2

I0

� �
; ð5:12Þ

where a is the material constant, i.e., the proportionality factor that relates the length
of a crack jump and the square of SIF, N01 is the value of N at the crack start.

For non-through-cracks, the increase of the area Δs is related to the averaged
value of the stress intensity factor KIeq along the defect contour by the relationship:

DsP ¼ s� s0 ¼ �assFss KI0;KIeq;Kc
� �

; ð5:13Þ

where

Fss KI0;KIeq;Kc
� � ¼ K4

Ieq � K4
I0

� �
=2K4

c þ g KI0;KIeq;Kc
� �

;

g KI0;KI ;Kcð Þ ¼ K2
I � K2

I0

� �
=K2

c þ ln K2
c � K2

I

� �
= K2

c � K2
I0

� �� �
;

ass ¼ a2EK4
c =2r

5
T , KI0 and KC are the values of KIeq that correspond to the crack

start and its critical value, respectively; S0 is the initial area of a macro-crack. Then,
we get

Ds ¼ �asf KIeq
� �

; f KIeq
� � ¼ K4

Ieq � K4
Is

� �
=2K4

max þ g KIeq
� �

: ð5:14Þ

Here, the function f(KIeq) is given in (5.13); as ¼ a2EK4
max=2r

5
0;2; a2 is the

dimensionless factor depending on E, m; KIs and Kmax are the values corresponding
to the crack start and the maximum of load.

The cumulative count of AE signals N is expressed by KIeq as follows:

N ¼ �bsts KIeq
� �þN0s; ts KIeq

� � ¼ 4f K4
Ieq

� �
=pas K4

Ieq þK4
IS

� �
; ð5:15Þ

where bs ¼ asc is the proportionality factor between the cumulative count of the
AES and the number of crack jumps; and as is the material constant that represents
a relationship between the area of a single crack jump and K4

Ieq.
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5.4.2 Test Results

The tests were carried out on 8XN3MFA steel specimens: gray, malleable, and
high-strength cast irons; titanium Ti3Al alloy, and ash and slag concrete under static
three-point bending with simultaneous recording of the AES (Sect. 5.3).

As described above, two types of specimens made of 38XN3MFA steel were
tested—nitrated and non-nitrated. Sub-surface layers in nitrated specimens were
brittle. As a result, a crack propagated in them almost linearly over the whole
cross-section with some advance at the lateral surfaces of the specimen. It is pos-
sible to observe the defect propagation with a microscope estimating the size of its
increment visually. For non-nitrated specimens, a crack propagation occurs inside
the specimen without reaching its lateral surface. In this case, the value of the crack
length increment (change in the crack area) is estimated using the AE method.

In the AG for 38XN3MFA steel the appearance of three regions of the AE
activity was noticed (Figs. 5.9 and 5.11). Unloading and failure of the specimens
after the appearance of Regions II and III showed that they were caused by
sub-critical crack growth. To evaluate the length or the area of the crack increment,
after unloading, several specimens were reloaded again to the value that exceeded
the preliminarily attained level. After every cycle of “loading-unloading.” a trace
was formed on the fracture surfaces that corresponded to the crack front location at
the moment the unloading started, which made it possible to evaluate the defect
increment on the fracture surface.

It has been established that the beginning of Region III coincides with the crack
start, when a slow growth of the defect takes place. Theoretical and experimental
data prove this, as is shown in Fig. 5.12. Theoretical curves were calculated
according to Eqs. (5.8) and (5.14). In this case, it was set: a = 8.44 mm, KIs =
57 MPa√m, Kmax = 180 MPa√m, as = 5.29 mm, KIs = 45 MPa√m Kmax. Region III
is related to an abrupt crack length increment in the nitrided specimens and to its

Fig. 5.11 Diagram “P—f”
and AE diagram while
loading the nitrated specimens
of 38XN3MFA steel: A is the
fatigue crack area; B is the
sub-critical crack growth area;
C is the fracture zone
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area increment in non-nitrided steel; this region, for the first type of specimens, is
not distinguished as clearly as for the second one.

Figures 5.13 and 5.14 illustrate experimental (dots) and theoretical (solid lines)
data obtained by Eqs. (5.12) and (5.15) for steel specimens. Here: bl = 0.21 � 1011,
KIs = 57 MPa√m, Kmax = 180 MPa√m, N0l = 57 � 104; bs = 0.88 � 1013,
KIs = 45 MPa√m, Kmax = 110 MPa√m, N0s = 104; ds = 262.

As can be seen, the largest increase of the crack area, and cumulative count of
AE, occurs when the SIF attains the maximum value. This regularity can be used
for diagnosing a 38XN3MFA steel fracture by the AE method.

Three groups of the AE signals were also observed in the cast iron specimens.
However, only one-third of them was caused by sub-critical crack growth. In
Fig. 5.15, the N change versus K is shown for various cast irons from the very start
of sub-critical crack propagation up to a complete spontaneous failure of specimens.
The curves were built according to Formula (5.12) (solid line) and using

Fig. 5.12 Crack length Δl (a) and area Δs (b) increments against the SIF KI increase for nitrated
and non-nitrated 38XN3MFA steel specimens, respectively

Fig. 5.13 Theoretical (solid lines) and experimental (dots) dependencies of cumulative count of
the AE signals on SIF KI for the specimens of Type 1 (a) and 2 (b)
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experimental data (dots). In the experiment, an AVN-3 device was used, based on
the first (a) and the second (b)—(d) methods for recording the parameters of AE
signals.

The amplification factors η and proportionality factors bl were: (a) high-strength
cast iron: η = 74 dB, bl = 20.7 (lamellar pearlite, Curve 1); η = 74 dB, bl = 12.9
(granular pearlite, Curve 2); η = 50 dB, bl = 12.2 (ferrite, Curve 3);
(b) high-strength cast iron: η = 84 dB, bl = 4.0 (granular pearlite, Curve 1);
η = 84 dB, bl = 2.7 (20% ferrite, 80% pearlite, Curve 2), (c)—malleable cast iron:
η = 84 dB, bl = 9.7 (granular pearlite, Curve 1); η = 74 dB, bl = 5.3 (lamellar
pearlite, Curve 2); (d) gray cast iron: η = 84 dB, bl = 11.1 (50% ferrite, 50%
pearlite, Curve 1); η = 84 dB, bl = 5.2 (ferrite, Curve 2).

Thus, the analysis of AG obtained during cast iron fracture showed varying AE
activities of specimens depending on their fracture mechanism (it is determined by
the graphite shape, composition of matrix, size of inclusions, and a distance
between them). With the growth of AE activity, the fracture mechanisms of cast
irons can be classified as follows: ductile, mixed (brittle-ductile), and brittle.

While investigating the specimens made of the same type of material having the
same graphite shape, depending on the matrix composition, the AE activity
increases in the following progression: ferrite, granular pearlite, ferrite-pearlite, and
lamellar pearlite. In cast irons of similar types of matrices, the growth of emission is
determined by the shape of graphite in the following progression: spherical, ver-
micular, and lamellar.

It has been found that during sub-critical crack growth, the dependence of N on
KI is described by the same formula for all types of cast irons. An abrupt growth of
AE cumulative count N, when KI attains Kmax, takes place on the Ti3Al titanium
alloy specimens (Fig. 5.16). Therefore, if during the loading of this material there is

Fig. 5.14 Dependence of the
sum of the amplitudes of AE
signals on SIF for
38XN3MFA steel
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a drastic increase of N, it is an indication that a crack is in the region close to the
sub-critical propagation stage.

The verification of Formula (5.12) application for concretes is similar to that for
cast irons. For this purpose, it is necessary to show that at the sub-critical crack
growth stage, the value of each macro-crack jump is proportional to K2

I . The
macro-crack growth in ash and slag concrete occurs in two ways: According to the
first, there is a breaking of a linkage between the crack (formed due to delamination
of the matrix from the filler) and the notch. In this case, the linkage size is pro-
portional to K2

I [29]. In the second case, the macro-crack initiation in front of the

Fig. 5.15 The dependence of N on KI for some structures of cast iron matrix and AE
measurement modes
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notch in the region of maximal stresses, and its further coalescence with the notch is
possible. Since the maximum tensile stresses act at a distance from the notch tip that
is proportional to K2

I [30], the value of a single jump of a crack is *K2
I . Therefore,

the dependence (5.12) is also valid for concretes. In Fig. 5.17, the theoretical and
experimental data are compared for ash and slag concrete specimens.

Thus, the AE signal parameters represent the stages of local fracture under the
static loading of materials. An abrupt increase of the cumulative count of the

Fig. 5.16 Dependence of AE
cumulative count N on the
stress intensity factor KI,
evaluated according to
Formula (5.12) for
bl = 40�103, N0l = 0 (solid
line) and experimental data
obtained on lamellar titanium
(Ti3Al) specimens with two
lateral cracks (dots)

Fig. 5.17 The N vs KI

dependence obtained
theoretically (solid line) and
experimentally (dots) on two
ash and slag concrete
specimens for bl = 9.6�104
(curve 1) and bl = 5.7�104
(curve 2), N0l = 0
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AES reflects the change in the mechanism of local fracture or its acceleration. It was
established that at the early stages, sub-critical crack grows slowly. When the value
of KI attains a maximum, an abrupt increase of the crack area occurs.

The established theoretical and experimental dependencies make it possible to
evaluate the crack start, its size, and its stress intensity factor in terms of the
cumulative count of the AES. In this case, they are universal for a number of
structural materials.

Thus, new methods of experimental AE evaluation of the parameters of
sub-critical crack growth in structural materials under their static loading in air have
been developed. They are based on the established analytical dependencies.

5.5 AE Estimation of Strength Characteristics
of Structural Materials

5.5.1 Investigation of Concrete Hardening by AE Signals
[31]

A number of important state documents, which are aimed at providing the safe
exploitation of buildings, constructions, and engineering structures, have been
recently adopted in Ukraine [32, 33]. Concrete, which in the modern home con-
struction industry is one of the most widespread materials used, turned out to be
very helpful in implementing the above-mentioned measures. Most of the elements
of bridge constructions are also made of concrete [34]. Therefore, quality mainte-
nance of concrete products is an especially urgent task. It can be solved by using
new progressive non-destructive testing and TD methods for in-process measure-
ments of products made of concrete, in particular, for the selection of optimum
conditions of hardening and its inspection during the manufacturing of industrial
constructions. In fact, during the hardening of concrete, a certain crystalline
structure is formed and micro-cracks can appear.

Among non-destructive testing methods, which are usually used for the quality
rating of concrete products, the most widespread method is ultrasound [35].
However, it is frequently substituted by the AE method, which is particularly
effective in checking the hardening of composite materials [36–38]. By its sensi-
tivity, it exceeds ultrasonic methods by two orders of magnitude [36]. This method
permits detecting the structural defects of concrete at the stage of their initiation and
propagation, and determines the dynamics of their propagation in the concrete.
Thus, the AE information permits adjusting the parameters of heat and wet treat-
ment of concrete while manufacturing the elements of industrial concrete structures.

The state of the problem. Paper [36] investigated the hardening of alabaster with
and without a filler. The AVN-1 M device, supplemented with a S8-9A
memory oscilloscope, recorder N-117, and frequency counter Ch3-38, was used.
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The research was carried out in the frequency band from 0.06 to 1.2 MHz with an
amplification factor of 80 dB.

In the case of alabaster and gravel filler composition with a particle size of 1…2
and 4 cm, the ratio of the mass of water and alabaster was 0.54:1. The specimens
were in the form of cubes of dimensions 70 � 70 � 70 cm. The AET was placed
directly into the center of the form, and in the other case it was located on the AE
waveguide. Identical results were obtained in both cases.

According to the experimental results obtained at the hardening of alabaster
without a filler, the AE signals are generated sporadically and are characterized by
low amplitude. The exothermal reaction showed the relaxation of excess energy
during phase transformations at very low frequencies. In the authors’ opinion, an
AE of the explosive type is typical of the creation of fine defects in a structure being
formed.

At the hardening of a two-composite material, the AE was generated with
considerably higher parameters in comparison with the hardening of alabaster only.
Amplitudes of the AE signals, the number of pulses, the AE count rate, etc.,
increased, and it was shown that the energy characteristics of the AE greatly depend
on the granule sizes. Thus, when fine particles were used, the AE amplitude
increased 1.5…2 times, and 3 times for coarse macadam. Therefore, authors in [36]
concluded that the “matrix-filler” contact interface is the dominant factor of the AE
generation during the hardening of a two-composite material. Micro-cracks begin to
appear due to the change in a matrix volume during the hardening, when there are
phase transformations that cause mechanical stresses. Every break of bonds
between the alabaster and macadam leads to the AE. It is noted that exactly during
alabaster hardening, its bonds with a filler are disrupted, and the end of hardening
can be verified by the moment of AE energy stabilization. At the beginning of
hardening, the adhesive processes are more intensive and are accompanied by the
generation of high-frequency harmonics of the AE signals, which have prevailing
amplitudes.

In [37], similar research was conducted on 20 � 20 � 20 cm cubes and on
500 � 150 � 20 cm plates made of grade 400 concrete that hardened in natural
conditions and under hydrothermal treatment. The conditions of the AE selection
and processing were approximately the same as in [36]. It is shown that AE in a
concrete mixture is recorded already 10…20 min after its preparation; then the
clinker minerals interact at the surface of the cement grains, and crystalline hydrides
of varying composition are formed. The end of this process is clearly determined by
the disappearance of the high-frequency component of the AE signals after 3…6 h.
After that, the AE activity that accompanies the period of the formation of crys-
tallization becomes centered, and a single cement stone decreases approximately by
one order; this stage lasts 25…30 h. The AE generation is caused by the mutual
impact of the growing crystallization grains, their fracture under high concentration,
and the breakage of adhesive bonds between cement stones and concrete filler.

As a result of the research [37], the authors claim that at the stage of formation of
the concrete of a thixotropy structure, the AE is caused by the fracture of the
ettringite shell around a cement grain and by the fracture of separate grains of
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crystals. During crystal nucleus formation, the dominant factor of the AE is the
breakage of adhesion bonds between the matrix and the inclusion, and during
structure hardening, i.e., the fracture of the nuclei of hydrate inclusions that
accompanies the crushing of the crystalline grains of concrete. The spectral com-
position of AE signals enables identifying the structural state of a concrete, and the
total AE data permit a simple estimation of the moment of a rapid increase in the
strength and formation of a stable crystalline structure of a concrete, as well as to
obtain information concerning the effect of various factors on the concrete hardening
and on the formation of strength properties.

In [39], using modern facilities of AE testing, the hardening of concrete at low
temperatures was investigated. The authors related the parameters of the AE signals
generated from the concrete that hardens at low temperatures, with similar signals
that accompany the failure of concrete cubes during their compression, and
obtained quantitative relationships of the AE activity for the frozen and naturally
hardened concretes.

Thus, it is possible to state that there is a relationship between the formation of a
concrete structure, the rate of strength increase, and the AE signals. This enables
developing a non-destructive testing method for the quality inspection of concrete
products—in particular, to select the technological conditions for a concrete
hardening with optimum mechanical characteristics. However, such methods of
non-destructive testing should be worked out based on the experimental research of
hardening of a certain type of concrete and the products made of it. As can be seen,
there is not enough data of this kind in the literature; therefore it is necessary to
develop the methods of the AE estimation of micro-cracks initiation and propa-
gation in the concrete bridge structures during their hardening.

Experimental results and their interpretation. A review of the published results
show that an important characteristic in AE investigation is the range of working
frequencies of AE devices. It depends on the material type, its porosity, the extent
of damage, the degree of elastic waves damping, etc. The amplitude-frequency
response of AET is an important factor that effects the selection of the AE working
frequency band. For concrete, the frequency characteristics of the AE signals lie in
the range of 1–500 kHz. Therefore, taking into account the effect of external noises
and amplitude-frequency properties of the AET, we selected the working frequency
band of 0.1…0.5 MHz.

The experimental setup was as follows: The mold (100 � 100 � 100 mm) was
filled with the modified concrete mixture with the composition given in [40], and
the waveguide of the AE signals was located in the mixture. The sizes of the
waveguide were selected and optimized according to the method described in [41];
then the eigenfrequencies of the waveguide with the optimum sizes were calculated,
using a finite element method.

Calculation of the eigenfrequencies of waveguides. A problem with the propa-
gation of elastic waves, estimation of eigenfrequencies, and modes of vibrations in
waveguides, which are of the shape of a body of rotation elongated along the
rotation axis, in particular of a cylinder, was considered in many studies [42–45]. It
is difficult to find an exact solution to this problem, even for a cylindrical
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waveguide of a finite length. Therefore, eigenfrequencies and vibration modes can
be found, considering the approximate formulation of the problem and the methods
of its solution. In particular, in papers [46, 47] it was suggested to use the method of
limiting interpolation [48] in order to find the approximate eigenfrequencies of a
cylindrical waveguide of finite length. The limiting cases of interpolation are
exactly taken into account by this method: a short rod (disk) and a long rod whose
eigenfrequencies are known [49]. The formula obtained in [46] enabled finding the
approximate eigenfrequencies of vibrations of a cylindrical waveguide of finite
length.

However, in the case of a more complicated form of a waveguide, it is impos-
sible to calculate the eigenfrequencies using this approximation formula. In this
case, numerical methods of calculation seem to be very promising—in particular,
the finite element method.

The finite element method [50, 51] is based on the assumption that a body can be
represented as a set of elements connected with each other only at their nodes.
A relation of the node forces and node displacements is determined by the stiffness
matrix [k] of an element. By combining the stiffness matrixes of separate elements
in a global stiffness matrix, the problem of eigenfrequency estimation is reduced to
the solution of the system of algebraic equations:

K½ � /if g ¼ x2
i M½ � /if g; ð5:16Þ

where [K] is the global stiffness matrix, [M] is the global matrix of the masses, xi is
the angular frequency, and {/i} is the waveform of the i-th mode. In general, the
number of eigenvalues, i.e., eigenfrequencies xi that satisfy Eq. (5.16), is equal to
the order of square matrices included in it. A partial solution, i.e., eigenfunction
{/i}, which determines the individual distribution, a mode, of displacements in the
region occupied by a body of a given form, corresponds to each respective
eigenvalue. Taking into account that Eq. (5.16) are homogeneous, eigenfunctions
are not determined ambiguously, although for each eigenfunction it is possible to
find a ratio of its elements. Therefore it is reasonable to suppose that the largest
eigenvalue is equal to one and thus determine the other elements with respect to it.

In experimental investigations, the possibility of using the waveguides of two
types in the form of a finite cylinder and a rotation body elongated with respect to
the rotation axis was considered. The waveguides are shown in Fig. 5.18a, b,
respectively.

The calculations of eigenfrequencies and the corresponding vibration modes
using the method of finite elements were first verified for a cylindrical waveguide.
In this case, the equation for evaluation of eigenfrequencies can be written as
follows [49]:

x� 1ð Þ2u h0að Þþ 1� exð Þ x� u k0að Þ½ � ¼ 0; ð5:17Þ
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whereuðyÞ ¼ yJ0ðyÞ
J1ðyÞ , e ¼ 1�2m

1�m , m is the Poisson’s ratio, h0 ¼ h2 � c2, k0 ¼ k2 � c2,

h ¼ xc1, k ¼ xc2, J0 �ð Þ and J1 �ð Þ are the Bessel functions of the first kind of the
zero and the first order, respectively, x is the angular frequency, a is the waveguide
radius, and 2l is the waveguide length. Taking into account the fact that the cylinder
is bound by two plane cuts with a distance between them of 2l, the allowed values
of c are cq ¼ pq

2l , q is the positive odd number.
Using Eq. (5.16), eigenfrequencies can be found from the following

relationship:

fpq ¼ pqc2
2l

ffiffiffiffiffiffiffiffiffiffi
xp
	
2

q
; ð5:18Þ

where xp are the solutions of the Eq. (5.17).
The value of the eigenfrequency fpq of the first mode of vibrations (p = q = 1)

obtained from the dependencies (5.18) for m = 0.28, Young’s modulus
E = 2.07 � 105 MPa, q = 7800 kg/m3, a = 0.005 m and l = 0.05 m was
12,870 kHz.

The finite element calculations of the basic frequency of a cylindrical waveguide
natural vibrations performed by Eq. (5.16), for the same values of Poisson’s ratio,
Young’s modulus, density, radius, and length of a cylinder made it possible to find
that f = 12,950 kHz. This means that the relative error of calculation in comparison
with those, obtained from the dependence (5.18), did not exceed 0.62%.

Fig. 5.18 Cylindrical waveguide (a) and a waveguide in the form of an elongated rotation body
(b) of typical sizes (mm)
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The calculation by the finite element method was carried out with the use of 3-D
finite elements with 20 nodes. A view of this finite element appears in Fig. 5.19.

A cylindrical waveguide—after its meshing by these 3-D finite elements—is
shown in Fig. 5.20. As it is seen in this figure, the cylinder along the generating line
was divided into 15 segments, along the radius of the basis into 5 segments, and
along the basis contour, into 8 segments. A double and triple increase in the number
of divisions yielded relative errors of the basic frequency change of 0.19%.
Therefore, in order to reduce the calculation time, the mesh shown in Fig. 5.20 was
used.

The analysis of the results was done for those modes of a cylindrical waveguide
whose vibrations occur along its longitudinal axis. It showed that there were 96
eigenfrequencies in the frequency range of 200…450 kHz, corresponding to the
operating frequency range of the AET used in experiments for recording the AE
signals. The distribution of normal displacements at the end surface of a waveguide
for f = 4.38 � 105 Hz is shown in Fig. 5.21.

Similar calculations by means of a finite element method were also done for the
waveguide shown in Fig. 5.18b. Its view, after meshing with the 3-D finite ele-
ments presented in Fig. 5.19, is shown in Fig. 5.22.

Fig. 5.19 The view of a
three-dimensional finite
element with 20 nodes

Fig. 5.20 Meshing of a
cylindrical waveguide for
calculations using a finite
element method
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The two-time increase in the number of divisions gave the relative error of the
found eigenfrequencies that did not exceed 0.91% within the frequency range of
200…450 kHz. Calculations were done for the same values of the Poisson ratio,
Young’s modulus, and density. In total, 119 eigenvalues were found in this fre-
quency range. Calculations showed that the longitudinal modes of vibrations of a
waveguide are in the 100…360 kHz frequency range, and agree with the resonance
frequencies of a quasi-resonance AET [40], which was used for experimental
research. Taking into account that the compression stresses appear during the
hardening of concrete, it is necessary to choose the form of a waveguide that does
not cause the formation of additional stress concentrators; therefore we selected the
waveguide shown in Fig. 5.18b. Its general view, which takes into account the
structural features, is shown in Fig. 5.23.

Fig. 5.21 Distribution of
normal displacements at the
end surface of a waveguide
for f = 4.38�105 Hz

Fig. 5.22 3-D finite elements
meshing of a waveguide in
the form of a rotation body

Fig. 5.23 The AE signals
waveguide
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Tests and discussion of the results. The concrete cubes hardened in natural
conditions at an ambient temperature of about 300 K. The AE signals were selected
and recorded by the equipment described in [40], having similar amplification
modes (Fig. 5.24).

An acoustic contact of the AET with the contact plane of a waveguide was
provided by adding a contact epoxy resin layer. Time distribution of the amplitudes
of AE signals, their cumulative count N, and the rate of count _N were recorded.

The experiment’s results showed that the AE appeared in the mixture of concrete
in 600…1200 s after the moment of its preparation. At first, individual AE signals
were generated with amplitudes of 10…30 lV and then the AE activity grew
substantially. Its maximum values were reached approximately one hour after
pouring water into the Portland cement. The authors in [37] showed that exactly at
that time, the clinker minerals at the surfaces of cement grains interacted and there
crystalline hydrides of various compositions were formed. The authors proved that
at that time a mineralogical heterogeneity of cement grains, as well as the defects on
their surfaces, caused a periodic peeling of primary crystallites into the pore space
under the action of shear stresses. There they formed the elements of a secondary
permolecular structure, blocks, from which crystalline nuclei were subsequently
formed. The number of sub-microcrystals continuously increased, and the distance
between them decreased. When it attained 10−6…10−7 m, a primary structure was
formed with coagulation and crystalline contacts due to intermolecular interaction.

The results of the experimental data processing are presented in Fig. 5.25. As it
follows, the most active with the greatest ratio of _N= _Nmax AE period is observed
during the first six hours of observation. Precisely during this period, the concrete
mixture reaches the strength of 0.08R, whereR is the ultimate strength of the concrete,
and the process of the formation of its crystalline structure is mainly completed.
Furthermore, the AE activity significantly decreases in comparison with the first two
hours of observation. Apparently, during this period [37], individual centers of
crystallization connect, and single crystalline nucleus cement stone is formed.

Fig. 5.24 Experimental
setup: 1 is a specimen; 2 is an
AE waveguide; 3 is a TAE; 4
is a preamplifier; 5 is a block
of filters of high and low
frequencies; 6 measures the
amplifier of power; 7 are the
units for processing the
AE signals, and 8 is a
fast-acting recorder of the
N-338/4 type
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Subsequently, the crystalline nuclei join together for 25…30 h. An increase in the
strength of the concrete mixture is accompanied by a slight release of the AE energy.
By analogywith the data of [37], this is conditioned by the nuclei contact and fracture,
and by the breaking of adhesion between the cement stone and the filler. As a result,
shrinkage cracks appear.

The end of the stage of intensive strength increase coincides with a decrease in
the activity. During this period, according to the data in [52–54], pores are filled
with the hydration products and the structure is packed, but the surface of cement
grains is at the same time shielded, and thus the formation of a crystalline structure
is considerably slowed down. The AE activity drops to the minimum value at the
strength of 0.7R. Its fluctuations are caused by the micro-crack initiation, due to
crystallization or osmotic pressure. Obviously, the AE growth can be also condi-
tioned by the formation of large crystals of Portland cement in pores causing their
failure.

Thus, in this study, the main objective of the investigation has been met, and it is
shown that the development of the AE methods for obtaining the quantitative
characteristics of the AE parameters related with the strength indexes of mixtures of
concrete used in bridge construction, and civil and highway engineering, is quite
promising for further investigations. Therefore, the AE waveguides are effective in
the estimation of concrete hardening, when their eigenfrequencies are calculated
and can be agreed with the eigenfrequency characteristics of the AET with the
account of structural features of the device construction for transmission of the
required AE information. The use of highly sensitive quasi-resonance AET enables
quantitatively estimating the stages of crystallization and the increase of the
strength of a concrete mixture and, therefore, optimizing the technological condi-
tions of concrete mixture hardening and developing non-destructive test methods
for a quality inspection of the concrete elements in bridge structures—provided that
the necessary experimental data base is available.

Fig. 5.25 Time variation of
activity (1), sum of the
amplitudes of AE signals (2)
(in arbitrary units a.u.), and
the values of the scattering
range of the strength index (3)
of a concrete mixture
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5.5.2 AE Estimation of AES Amplitudes at a Fracture
of Concrete in the Bridge Structure

There is a rather branched network of roads with more than 20,000 road-transport
bridges in Ukraine. Most of the structures are made of reinforced concrete, which is
quite often used with various damages and defects [55]. The most widespread are
crack-like defects, which cause a brittle fracture of bridge structure elements made
of concrete. However, macro-crack initiation and propagation does not occur
instantly. It means that from the moment of its nucleation to the beginning of a
spontaneous fracture of structural elements, a certain amount of time passes, which
is determined by the period of sub-critical crack growth. Therefore, it is a very
important scientific and technological undertaking to establish the moment of
macro-crack initiation or the period of its jump-like sub-critical growth. Its solution
will greatly contribute to predicting the reliability and durability of bridges, and
protection against accidental failure with considerable material and human losses;
in fact, the number of reinforced concrete bridges in Ukraine increases every year,
with a simultaneous increase in transportation traffic intensity, weight of loaded
transport vehicles, environment corrosivity and so on.

To solve the above-mentioned problem, various methods of non-destructive
testing have been recently used [56] to obtain the necessary diagnostic information.
Among them, the AE method is characterized by great sensitivity. This method, due
to its substantial advantages, keeps its leading place among other technical
approaches on the research and diagnostics of both separate elements of bridge
structures and the bridges themselves [57, 58].

Analysis of the state of AE investigations of fracture of concrete cubes. Modern
concepts on the physics of concrete fracture prove the existence of three stages of
concrete deformation. In the first stage, in the process of concrete compression, a
closure of the available pores occurs. In the second, large pores and micro-defects
become the nuclei of fracture, and sub-micro-cracks are initiated. In the third stage,
sub-micro-cracks coalesce into micro-cracks, the material loosens, its properties
change irreversibly, and an avalanche-like macro-crack develops.

At the initial stages of applying the AE phenomenon to the investigation of the
aforementioned deformation stages [59, 60], the AES generation during the for-
mation of a deformation was not detected at the first stage. This means that the stage
of elastic deformation of a material seems not to have been accompanied by AE.
This proved not to be true, and the statement was false due to the use of equipment
of low engineering standards available at that time. It should be noted, however,
that in some early research, despite the absence of a required experimental base,
valuable scientific results were obtained. For instance, by using a small microphone
planted into the concrete specimen, it was possible to investigate the effect of
various factors, such as hydrometric, thermal, chemical, and dynamic under force
action, on strength characteristics in relation to the components of a concrete and its
aggregate states [61] by the AE method. It was shown that the AE method permitted
recording the processes of the internal initiation of micro-cracks, as well as
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effectively determining plastic strains and fracture. The alternating character of the
AES was illustrated at different stages of the material integrity breaking, and the
results were comprehensively presented with the analysis of about 230 published
sources. The Aerojet Corporation, as well as a number of experiments by other
researchers carried out with advanced facilities [62–64] that tested the processes of
fracture under tension and compression of concrete specimens, proved the efficacy
of the method.

The results of the experiments [65] were obtained somewhat later. They also
confirmed the generation of AES under stresses of about r = 0.5R, where r is the
compression stresses, and R is the ultimate strength of a concrete. AES were
detected in the frequency range of 2…20 kHz. Only authors of studies [66–69]
were able to describe AES at all stages of concrete deformation, including the early
ones. The authors of these papers found, basing their findings on fractography and
ultrasonic analysis, that at the first stage, the AE is weak and is caused by material
compacting due to the coalescence of pores, the development of individual defects,
and the collapse of initial micro-cracks. At the second stage, due to micro-crack
initiation, the AE amplitudes increase, although the intensity of the AE is constant
for a constant strain rate, while at the stage of failure, i.e., the third stage, the AES
amplitudes and their intensity increase considerably. It is illustrated that the total
AE energy increases simultaneously with loading, reaching its maximum value at
the moment of failure. For the deformation stages indicated, this index is 10, 30,
and 60% of the maximal value, respectively. The same tendencies of the AE energy
distribution, as well as manifestation of deformation stages, were typical of the
sand-cement solution [68].

A somewhat different approach to this problem is proposed in [70–72]. The
authors of [71], based on the AES analysis, concluded that there are four stages of
deformation of porous materials. Elastic deformation of concrete occurs at the first
stage. At the second stage, when 0.2R < r < 0.75R, the micro-crack initiates and
propagates, and at the third, at the values of 0.75R < r < 0.96R, a macro-crack
initiates. The authors consider the overcritical stage of a macro-crack growth, when
the loading reaches r � 0.96R, to be the fourth stage. In [72], it is believed that
there is an unstable fracture propagation at this stage, and the cumulative count of
the AE pulses with volume deformation is related by a power dependence. If we
take into account the effect of the age of the concrete on the initiation of
micro-cracks, it should be noted that this factor has an effect on the energy char-
acteristics of the AE radiation [73].

Important results were obtained in [74]. The AES were analyzed in combination
with the data of strain gauge measurements and optical microscopy. The results of
testing the concrete plates to be 150 � 70 � 8 mm with the open structure of the
material, which was subjected to quasi-static axial compression by a specially
developed method were obtained. It was shown that a jump-like crack propagation is
caused by the material microstructure. A number of individual jumps characterize the
micro-crack length comparable to the sizes of structure, and they can be used as the
basis for classification of the initiating cracks. At this stage, the AES were recorded,
from which, using special methods, it is possible to extract individual pulses
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corresponding to individual jumps of a crack. For the device noises of 5 � 10−6 V and
for a signal: noise ratio of 10 dB in the frequency range of 10…200 kHz, cracks were
detected that initiated at the micro-, meso- and macro-structural levels of a concrete,
the number of pulses in the AE event being dependent on the stress level.

The authors showed that it is very difficult to visually identify the propagation of
such cracks at the micro-structural level due to their great number, small size, and
specific structure of the cement stone. At the meso-structural level, for a crack
length less than 5 mm, cracks are characterized by the AES having 10…12 pulses,
and it is possible to compare the AES with the results of other non-destructive test
methods. The duration of propagation of such cracks is approximately 10…30 ms.
It is stressed that AES at the stage of macro-crack propagation should be analyzed
particularly carefully, even when its numbers are small. The amplitude spectra of
AES are of a clearly expressed exponential character and when the loading grows,
they shift towards large amplitudes, the AES form being preserved.

Data obtained in [75] are of considerable scientific interest and practical value.
The tests were conducted on 7 � 7 � 28 cm prismatic specimens made of grade
400 concrete loaded by a hydraulic press of high stability. Applying a standard
method [76] and strain measurements, the specimens were centered. The method of
a scanning electron microscopy was used to obtain data on the changes in the form,
size, and location of structural elements after deformation and fracture. Alongside
the methods mentioned, ultrasonic examination of elastic wave velocity by the
“BETON–8” device was also carried out. To study a dispersion-crystalline struc-
ture, the samples were prepared from the previously tested specimens. Plates were
sawed out from the non-fractured prisms, and during fracture, the samples were
prepared from the material pieces with a juvenile fracture surface. For the AES
selection, the AET with the resonance frequency of 1.35 MHz was used. The
device for the AES processing of the AVN-1 M type operated in the frequency
band of 0.06…1.5 MHz with an amplification factor of 80 dB. The spectral anal-
ysis of AES was performed using a specially developed method.

At the stage of linear creep, r < 0.55R, the process of fracture development
proved to be closely related to the sizes and mutual placement of crystals, and
fracture stopped when the orientation of the neighboring grains differed substan-
tially. Most large cracks were stopped by gel, which grew into lamellar crystals of
Portland cement. When the loading reached the limit of r = 0.55R, fractography
showed the appearance of many-branched cracks that propagated and coalesced,
forming large-size steps.

For r > 0.55R, a coalescence of cracks that grew from single pores, as well as
their merging, was observed. A bulk micro-cracking changed into local fracture
near the main ruptures. First, unstable fracture surfaces appeared, and the AE
intensity decreased in comparison with the previous period due to a reduction of the
material volume involved in deformation and due to an increase of its porosity. The
further load growth, higher than 0.7R, resulted in an abrupt increase in the number
of the main cracks on fractograms, which merged at an angle of 30°, forming
characteristic planes of a macro-fracture. This process was accompanied by a
considerable growth of amplitudes and the rate of the AES count.
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The analysis of the AES energy spectrum showed the prevalence of harmonics
of signals with a frequency of 1.2…1.6 MHz. At a different loading, no change was
observed in the type of spectral characteristics with the change of the fracture
mechanism, and the energy of fracture differed as well. A non-linear creep and mass
fracture of crystals was accompanied by the AE with the amplitudes 1.5…2 times
larger than at the stage of elastic deformation. Therefore, it is possible to distinguish
the moment of intensive crack formation by an abrupt change in the AES intensity
and by the growth of their amplitudes.

In [77], concrete prisms of 150 � 150 � 600 mm made of B-25 concrete six
months of age were subjected to compression. The loading was stepwise by
1.0 MN with a 10-min holding at each step. At the initial stage, specimens were
centered, with additional final loading up to 2.0 MN and further unloading.
A one-channel AVN-3 analyzer of AES and a four-channel SPRUT-4 analyzer
were used to estimate the AE parameters. Both devices operated on the of 100…
750 kHz frequency band, with an amplification factor of 70 dB. The AES were
selected by a quasi-resonance AET mounted on the CTS-19 ceramics, and a typical
diagram of fracture was obtained. The analysis of deformation energy showed that it
consisted of the sum of energies: elastic, which is accumulated in the specimen, and
fracture energy. Since the AE radiation is related to local rearrangement of the
material structure and to the development of fracture processes, it is assumed that
there is a functional relationship between the AE energy and plastic deformation
work. For this purpose, a pair regression analysis of the radiation energy and the
energy used for fracture was conducted.

Similar investigations were carried out in later studies—for example in [78–80],
where the methods described above were partly repeated. It is worth noting that the
data were recorded using more advanced devices, yet they concurred with the data
from the known literature.

Thus it is possible to confirm that there is a functional relationship between the
deformation of concrete and, therefore, between the initiation and propagation of
micro- and macro-cracks and the AES parameters. This enables elaborating on new
methods of non-destructive testing and technical diagnostics of the state of bridge
concrete structural elements using the analysis of AES emitted during the structure
loading. However, such methods cannot be developed without a preliminary esti-
mation of the values of the AES amplitudes that accompany the early stages of
fracture development in concretes used in bridge constructions. The data published
in the literature are too scant; besides, it seems incorrect to apply the results
obtained by other authors, even if quantitative indices of the AES are minimal for
modern types of concretes and technology of their production in Ukraine.

As it follows from the above, in order to correctly perform the diagnostics of the
state of a bridge structure, it is important to select the quantitative characteristics of
the AES that accompany the initiation and propagation of micro- and macro-cracks
in concretes. To partially solve the problem described, concrete cubes were tested
under compression with simultaneous recording of the AE signals.

Test results and their interpretation. Cubes with the dimensions of
100 � 100 � 100 mm of a modified concrete (grade 400) possessing improved
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strength characteristics were tested. The composition of the concrete mixture (in
kg/m3) was as follows: Portland cement of 400–480 grade; sand—480; macadam of
the fraction of 5…10–550; macadam of the fraction of 10…20–720; water to
cement ratio—0.41; and plasticizer content—1.5%. The age of concrete cubes was
90 days.

The experimental setup is presented in Fig. 5.26. The loading was carried out by
a quasi-static force uniformly distributed over the cube 1 faces. The force was
exerted by the devices of hydraulic press P-250 10 and was measured by a strain
gauge dynamometer 8. To select the AES, the AET 2 was mounted on the lateral
surface of a cube through an epoxy resin layer and then fixed with a resin shock
absorber with a compression force of 3…5 N. Electric AE signals from a
quasi-resonance TAE 2 were transmitted to a preliminary amplifier 3, block of
filters of high and low frequencies 4, measuring amplifier of power 5 and to the
units of the AES processing 6 of device AVN-3. The AES were amplified in the
frequency range of 0.1…0.3 MHz, which is in accord with the frequency charac-
teristics of the quasi-resonance AET (Fig. 5.27).

Fig. 5.26 Block diagram of
the experimental tests

Fig. 5.27 Frequency
dependence of the AET
transmission factor
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The unit of the main measuring amplifier 5 made it possible to set the ampli-
fication factor stepwisely with a step of 1 and 10 dB, while the transfer ratio of
filters was about 1. The general amplification factor of the AE path was 70 dB.
From the processing unit of AES 6, electric signals were transmitted in analog form
to a fast-acting recorder 7 of N-338/4 type, where the AES enveloping curve was
recorded for the period of 0.1 ms, their cumulative count, etc., as well as the
loading force P. The latter one was recorded as an analog electric signal from the
strain-gauge dynamometer of force 8 and was passed to recorder 7 through the
direct current amplifier 9 of the U7-1 type.

The tests showed (Figs. 5.28a, 5.29) that for this concrete, the micro-crack
initiation was accompanied by AES with amplitudes not higher than 20 lV. They
appeared on the linear section of the diagram “applied load P—time t” almost
immediately after the application of forces (point O in Fig. 5.28a). AES with low
amplitudes were typical of the applied load in the 0 � r � 0.15R range. This
corresponds to interval 0-a (the first stage) on the integral AE diagram (Fig. 5.29) of
the amplitude time distribution of AES. Furthermore, the AES amplitudes increase
with the growth of the compression load applied to the cube. As seen in Fig. 5.29,
after point “a” there begins a period of a slight growth of the AES amplitudes within
the range of 20…40 lV, which is accompanied by the AES with amplitudes typical
of the previous stage (a period between points a–b in Figs. 5.29 and 5.30).

Figure 5.28b (the second stage) shows a typical distribution of AES for this
period of loading, which is in the range of 0.15R � r � 0.48R. Then follows the
moment of abrupt growth of the AES amplitudes >100 lV. It lasts up to the stage
of supercritical macro-crack propagation when a spontaneous fracture of concrete
cubes takes place. These signals also alternate with the AES typical of the previous
two stages. Besides, starting at this moment, the number of AE events abruptly
grows until the final failure of a concrete cube (point b in Fig. 5.30).

Analyzing the obtained results and taking into account the published data, one
can hypothetically assume that the first period is characterized by the micro-cracks

Fig. 5.28 Typical AES amplitudes recalculated in a common scale with respect to the amplitudes
at the AET output for the stage of the formation of micro-cracks (a) and initiation and propagation
of meso-cracks (b)
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initiation and propagation, while during the second period, the similar processes
occur at the meso-level. The moment of an abrupt growth of the AES amplitudes
corresponds to the moment of a macro-crack propagation start, which continues
until a spontaneous failure of concrete cubes.

Thus, the investigation’s results correlate well with the known published data
and allow us to state that the goal of the research, i.e., a quantitative estimation of
the AES amplitude distribution at early stages of micro- and macro-crack initiation
and propagation, was achieved. Further investigations in this direction should be
conducted to establish similar quantitative amplitude characteristics of the AES for
concretes with various admixtures and plasticizers at various rates and types of
loading, etc.

Thus, the AE during the fracture process of concretes of bridge structures pro-
vides information on the initiation and dynamics of the fracture process develop-
ment in a concrete, which is very important for diagnosing real objects operating in
service conditions or during technological inspection of their state. Quasi-resonance
AET increases the sensitivity of the AE method and permits revealing the early
stages of concrete fracture. The results of investigations showed that micro-cracks
initiation and propagation were accompanied by low-amplitude AES, which are
1.5…2 times less than similar signals caused by meso-crack formation, and almost
one order less than those caused by the initial propagation of macro-cracks.

Fig. 5.29 A fragment of
integral time amplitude
distribution of AES during
concrete cube loading

Fig. 5.30 The change in
conditional stress r and the
number AE events n with
time of concrete cube loading
(points a and b correspond to
similar ones in Fig. 5.29)
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5.5.3 AE Estimation of Mechanical Characteristics of Steels

In the history of technological progress there are many cases of sudden catastrophic
failures of bridges, steam boilers, cannons, water and gas turbines, oil- and gas
pipelines, railways, etc. To prevent these failures, the engineers try to introduce the
safety factor into the calculations. However, very often due to the requirements of
either economy or service conditions, it is necessary to have a structure that pos-
sesses a required durability and reliability, is as light as possible, and material that
“works” at the ultimate strength value. Thus, the use of any safety factor should be
scientifically grounded. For this it is necessary to have more accurate characteristics
of the strength of structural materials, which are mainly found by the tensile testings
of specimens. These characteristics include:

(a) The limit of proportionality (conditional) rp, which is the stress at which the
deviation from a linear dependence of load P on the elongation Δl reaches such
a value that the tangent of a slope angle, formed by a tangent to the deformation
curve P—Δl at the point Pp with the axis of loading, increases by 50% of its
value for a linear elastic region [81];

(b) The elasticity limit (conditional) r0.05, which is the stress, at which the residual
elongation reaches 0.05% of the length of the specimen region, which is equal
to the strain gauge base;

(c) The yield strength (physical) ry, which is the least stress at which a specimen is
deformed without visible increase of a tensile stress;

(d) The yield strength (conditional) r0.2, which is the stress at which the residual
elongation attains 0.2% of a calculation length;

(e) The temporal resistance rb, which is the stress that corresponds to the maximal
load Pmax, at which the specimen failure begins;

(f) The true failure resistance sk, which is the stress that is determined by the ratio
of load Pk at the moment of rupture to the specimen cross-section area in the
place of rupture Fk;

(g) The relative elongation after rupture d, which is the ratio of the increment of
the calculated specimen length after rupture to its initial size; and

(h) The relative narrowing after rupture W, which is a relative decrease of the
specimen cross-section area in the place of rupture (normalized with respect to
the initial area of the specimen cross-section).

State of-the-art of the problem. In design calculations and at certification of
metal products, the characteristics of resistance to small plastic deformations were
used; these are determined by specimen testing under tension according to
respective standards—for example [81]. The most widespread characteristics of the
strength of structural materials, which are used in project-design works, are pro-
portionality limit, elasticity limit r0.05, and yield strength r0.2.

Modern understanding of the processes of metal plastic deformation is based on
the concept of intensive formation, and movement of the crystal lattice defects
under its loading. Therefore, it is thought that dislocations make a basic
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contribution to these processes. However, the way of scientific searches regarding
the establishment of a final version of a modern hypothesis was not simple, and the
application of the AE method described above greatly contributed to the study of
these processes, which has been proved in a number of monographs and reviews.

Slipping and twinning were considered in the literature to be two determining
mechanisms of plastic deformation. They are both related to the initiation and
motion of dislocations and are accompanied by the generation of elastic waves,
which are actually AE [82]. Generally speaking, in the research mentioned, it is also
noted that the conditions of deformation, type, and state of a material, type of
crystalline lattice, and many other factors have a great effect on the AE parameters.
In further studies, the authors of [83] show that the accelerated motion of dislo-
cations and their abrupt arrest is the source of the AE. In the last case, additional
friction tensions of about 5 MPa are formed—for example, for crystal Cu-10% Zn.
Actually, this is almost a low limit of the yield strength of the alloy, and the
mechanism of the AE suspension is caused by shear stresses higher than the fric-
tional stress. The authors suppose that these particular mechanisms are typical of
plastic deformation, and in a crystal that contains many local dislocation fields, the
character of the movement of dislocations changes from quasi-static to dynamic
with the growing average speed.

When carrying out such investigations, one has to take into account the very
important fact that sometimes it is difficult to eliminate the sources of extraneous
noise [84]. This fact somewhat slowed down the development of experimental AE
methods of testing and they were considered to be just the methods supplementary
to the known technologies of non-destructive testing, or simply as a method indi-
cating the fracture process. For instance, the AE presence or absence indicated
taking into account a deviation from linearity in the “load-displacement” diagram
that there is either a crack propagation or a plastic deformation development at its
tip [85, 86]. Still, the great potential capabilities of the AE method made it possible
to effectively use it not only for diagnostics of structures in which sub-critical crack
growth or stress corrosion cracking take place [86], but also in fundamental studies.

For instance, the dislocation mechanisms of the AES generation in lithium
fluoride single crystals deformed by a load applied to the slip planes were studied in
[87]. The displacement of 25 � 10−8 m was accompanied by AE pulses of rela-
tively large amplitudes, while smaller displacements of 0.5 � 10−8 m caused a
synchronous excitation of pulses of small amplitudes that were always observed in
tests, while some durable AE pulses did not correspond to any displacements.
Based on these results, the mechanism of the AES excitation was considered and
the dislocation group velocities were estimated. The results concur with the dis-
location velocity measurements in lithium fluoride. The mechanism enables the
interaction of the accumulated dislocation groups and barriers that cause them,
around which local stress energy increases. When the minimum value of the energy
required for detachment and accelerated movement of a part of a dislocation group
is reached at the head of a dislocation group, this local stress energy is enough to
cause crystal lattice vibrations leading to the AE initiation. The process of the
secondary AE formation as a result of collisions between the coherent groups of
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moving dislocations and obstacles in their slip planes is considered as well. Finally,
the emission with an alternative type of vibrations is observed at high stresses after
a vast plastic deformation when stress concentration at the head of a dislocation
group causes the initiation and propagation of micro-cracks. In their turn, the
authors of [88], having investigated the deformation of monocrystals of copper,
magnesium, iron and polycrystals of brass, and Cu-7% Al alloy, concluded that the
AE bursts correspond to the process of the formation of slip bands by avalanche
dislocation motion. They estimated an average strain eav per one AE pulse. For
example, for a magnesium monocrystal eav = 8 � 10−7, and a specimen elongation
of 4 � 10−8 m that corresponds to it, while for a manganese monocrystal, these
parameters are, respectively, eav = 5 � 10−7 and 2 � 10−8 m. Using electron
microscopy, they found the length of a free path of dislocations at the stage of easy
slipping, which was 10−4 m, and every dislocation source consisted of approxi-
mately 40 dislocations. The authors showed that for each source of this kind there
was the value of deformation eav ≅ 2.5�10−11, and during a slip band formation, a
single AE pulse was generated with the participation of about 2 � 104 dislocation
sources. At that time, the results of the AE investigations were usually too rough,
and the evaluation of an average value of strain for each AE pulse by dividing a
total strain by the same total number of pulses was not quite correct. In fact, it is
now well known (as will be shown below) that the character of the AE varies at the
stage of strain hardening. Besides, the results presented above testify to the
appearance of considerable AE during a non-stationary movement of dislocations at
the section of a free path, which is determined as a distance between dislocation
groups. In this study, an empiric estimation of the displacement per one AE pulse
due to an avalanche movement of dislocations is by a few orders of magnitude
higher than a similar value for the twinning [89]. At the same time, the amplitude of
the AES pulses, and hence the value of displacement in twinning is considerably
higher in comparison with the dislocation slipping [90, 91]. Experimental data [90]
show that the beginning of twinning during deformation of annealed polycrystalline
zinc of technical cleanness causes the AE intensity increase approximately by one
order of magnitude as compared with slipping, and an abrupt growth of this
parameter verifies the beginning of cracking. In [91], having examined the nature of
continuous and discrete AE, the authors tend to conclude that the first one originates
due to dislocation accumulation and detachment, while the second one is of a varied
nature.

It should be noted that in [92], the first attempt was made to estimate the time of
the AE pulse growth based on the data on the dislocation movement speed at free
path. According to the data, this time is about 3 ls. It is worth nothing that at the
early stages of the AE investigations, the quantities presented in various works were
not reliable enough, due to imperfect measuring systems and facilities. Moreover, a
number of authors do not present their specifications of even such important
parameters of selection and processing of the obtained results as amplification
factors of the AE path, sensitivity and frequency parameters of AET, threshold level
of the AES, pass band of a channel, etc., in their publications. This, in turn, does not
enable comparison of the results and somewhat diminishes their scientific value.

5.5 AE Estimation of Strength Characteristics of Structural Materials 203



Despite the above, researchers are intensely proceeding to apply the AE method for
further studies.

Significant results, which are helpful in understanding the nature of AES sour-
ces, are published in [92–94], where the KCl and LiF alkaline-halogen crystals were
investigated. By applying the etching method to dislocations in LiF monocrystals,
the authors demonstrated [94] that at the initial stages of plastic deformation, the
AE source is a detachment of dislocations from strong fixation points. In annealed
crystals, this process stipulates the beginning of micro-yielding, and during sub-
sequent deformation of crystals it brings about macro-yielding, when the detach-
ment of dislocations from strong fixation points begins. According to the research
results, it was found that the simultaneous movement of a huge number of dislo-
cations caused the generation of each AE pulse. If we sum up the length of dis-
locations, the value will be of a few thousand centimeters. A hypothesis is proposed
in the paper, according to which the AES intensity depends on the degree of
deformation that is to be determined by the function of distribution of the length of
dislocation segments in a crystal. From the above, it follows that at certain
moments, a simultaneous detachment of many dislocation segments of identical
length occurs. It was assumed that a few groups of segments, having the amount of
dislocations from 105 to 106 in each of them, could detach from the fixation points
due to the effect of elastic vibrations during acoustic wave propagation. Taking into
account the summing up of AE pulses, one can consider the stimulation of
detachment of other dislocation segments of a smaller length due to stress wave
propagation in a crystal. From this point of view, one can explain, for example,
such features of the plastic deformation processes as discontinuous crystal yielding,
the formation of slip bands, and low temperature brittleness of crystals, and
determine their kinetics by the amplitudes of the AES of the discrete (burst) type as
well as the frequency of their arrival. Later on, high efficiency of the AE method
was also proved by experimental results obtained while studying the processes of
deformation of molybdenum monocrystals [95].

In [96, 97], one sees the possibility of determining the elasticity limit or the yield
strength of steels and alloys in tensile tests by the AE method. A drawback of these
studies is the lack of systematic comparison of stresses rAE that correspond to an
abrupt growth of the AE activity, with characteristics of resistance to small plastic
deformations obtained by standard methods. Besides, there are almost no publi-
cations that deal with the effect of technological factors, i.e., heat treatment, con-
tamination by non-metal inclusions, etc., on the regularities of the AE change in
steels, and possible variations of the relation between rAE and rp, r0.05, r0.2. In
[98], the regularities of the AES change under tensile deformation of
medium-carbon structural steel specimens are investigated after their quenching and
tempering at various temperatures, giving a different level of material strength.
Special attention was paid to a comparison of characteristics of resistance to small
PD obtained according to the national standard and the AE method. The experi-
ments were conducted on steels that are widely used in engineering: Steel 40 and
38XN3MFA steel, which contain a similar amount of carbon (0.4%). Specimens of
Steel 40 were cut out of the hot-rolled metal ingots along the roll direction and out
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of 38XN3MFA steel along and across the roll direction. The specimen treatment
conditions were tempering from 860 °C in oil and annealing at 200…600 °C, to
provide a wide range of strength and plasticity of steels.

Experimental estimation of some strength characteristics of structural steels.
The sizes of cylindrical smooth specimens in a working part were conventional
(d0 = 5 mm, l0 = 25 mm), and the heads of specimens were of a larger diameter for
the AET mounting and had circular plane sites to reduce the effect of friction at the
grips at the AES level. To this end, the heads were preliminarily crimped to a
maximum load, which was expected in testing.

In accordance with the national standard, a universal 1958U-10 machine with the
traverse movement rate of 2 mm/min was used in testing. During the testings, the
diagrams “load—elongation” (P–Δl) and “AE signals amplitude—elongation”
(UAE–Δl) were synchronously recorded.

The AE were recorded by an AET of a resonance type (f0 = 145 kHz), having a
sensitive factor of 109 V/m, which was mounted on the specimen edge surface and
was connected through a preliminary amplifier with an AKT–1 device [99]. In order
to plot the UAE-Δl diagram, the scanning along the X axis of a plotter was carried
out by a signal from the strain gauge of elongation, and the other plotter simulta-
neously recorded the “P-Δl” diagram. The scales of elongation recorded by two
plotters were 400:1. An oscilloscope controlled the shape of the AE signals.

The test results were processed as follows: Using a “P-Δl” diagram, and taking
into account the initial area of the specimen cross-section, the values of r0.05, r0.2,
ry or rpp were calculated using a standard method for the case of the presence of a
yielding region (marked below as ri). In UAE-Δl and P-Δl diagrams, the loads were
found that corresponded to the beginning and the maximum of the AE signals near
the yield strength region, and then critical stresses rHAE and rMAE were calculated.
The point at which the UAE value twice exceeded the AE background level in the
elastic region of the strain curve was taken as the beginning of the AE peak. To
compare ri and rAE values, the deviations were calculated:

DrHi ¼ rHAE � ri
ri










 � 100%;

DrMi ¼ rHAE � ri
ri










 � 100%:

The results of the AE and mechanical tests for two temperatures are presented as
diagrams in Fig. 5.31. An irregular character of AE is a common feature for steel
deformation. A relatively high level of the AE signals was recorded in the elastic
region of loading. In this case, in similar research on “clean” iron, the AE in this
region was not actually observed. Close to the yield strength point, an abrupt
growth of AE, a peak value, was observed.

The investigations showed that the values of UAE in the elastic region and close
to the values of the yield strength depended on the structural state that changed, due
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to steel tempering at different temperatures. In the strengthening area, the value of
the AE signals decreased to the instrumental noise level. By general features, these
regularities of the AE change were identical for both tested steels [98].

The most interesting thing in determining rp, r0.05, r0.2 by the AE method was a
regular peak of AE at the yield strength point. In the case of steel alloying, the
results were obtained for both orientations of the specimen cut-off. The AE peak
maximum corresponds to the elasticity limit r0.05, and its beginning corresponds to
the proportionality limit rp. The yield strength r0.2 of 38XN3MFA steel consid-
erably differs from the values rMAE and rHAE for all temperatures of tempering.

A comparison of experimental data made it possible to determine the deviations
of rp and r0.05 for structural steels using the AE method. For instance, a measured
deviation of the average values of rp and r0.05 was 2.7% for 38XN3MFA steel.
Although the results obtained for Steel 40 showed a number of specific features, for
tempering temperature of 350 °C, the values of rp, r0.05 and r0.2, rMAE did not differ
substantially.

Fig. 5.31 Tensile diagram
and the dependence of the
AES amplitudes on the strain
of Steel 40 and (a, b) and
38XN3MFA (c, d) steel;
tempering temperature: a, c is
350 °C; b, d is 600 °C
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Thus it is shown in [98] that the AE method enables detecting the early stages of
the failure materials at any fracture mechanisms. Therefore, from the positions of
linear fracture mechanics, and owing to its advantages, the method is more fre-
quently used in fundamental and applied investigations of both the processes of
plastic deformation and fracture initiation and propagation in various structural
materials, products, and structures. Besides, the investigation of physical and
mechanical characteristics of structural materials, their volume damaging, and the
dynamics of fracture by the AE signals is impossible without using the correct
calculation models and original devices and equipment that provide the necessary
testing conditions.

5.5.4 AES Generation Under Reinforced Concrete Beam
Bending

Some theoretical ideas. Reinforced concrete beams of 100 � 200 � 2100 mm
were tested. They were prepared from the concrete mixture with the following
composition: cement (grade M 500)—2.20 kg, sand (the fineness modulus
Mk = 1.784)—0.814 kg, macadam (fractions 5 … 20 + 30% of fraction 20…40)—
1.226 kg, a water/cement ratio—0.4.

A beam framework consisted of reinforcement beams with a diameter of 12 mm
of Class III and a length of 2.08 m. In their edge parts, a transversal reinforcement
was provided by beams of a diameter of 3 mm of Vr-1 class and the length of
0.18 m, step of 0.1 m. The total number of beams was 16. The upper reinforcement
was made of two Vr-1 class beams of 3 mm in diameter and 0.73 m in length. The
percentage of a cross-section reinforcement of the structure was 0.642%. The
construction of the tested beam and the reinforcement chart are shown in Fig. 5.32.
Basic characteristics of 35 GS steel working reinforcement were as follows: The
diameter of beams was 12 mm, cross-section area As = 1.313 sm2, elasticity
modulus = 20.6 � 104 MPa, ultimate strength rin = 621 MPa, yield strength
ry = 436 MPa, and relative elongation d = 24.24%.

The theoretical calculations of a beam were done as follows: Taking into account
its construction and loading mode, basic force and deformation parameters were
calculated: bending moment M, bending moment at the beginning of crack initia-
tion Mcrc and deflection f in the middle section of the beam [99]. The strength value
of the cubes of 100 � 100 � 100 mm made of concrete described in [40, 100] was
preliminarily experimentally evaluated. The concrete compression strength
obtained by means of the above method was Rb = 35 MPa, Eb = 34 � 102 MPa.

The bending moment M was calculated according to this expression:
M ¼ bh20Rbnð1� 0:5nÞ = 8.67 kN � m, where b = 100 mm and h0 = 176 mm are
the working width and height of the beam cross-section, respectively, the factor
n = x/h0, and the variable x was defined as x = RsAs/Rbb, where Rs is a standard
tensile resistance of reinforcement.
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Theoretically evaluated permissible failure force Pmax with no account of the
beam’s own weight was Pmax = 6 M/l0 = 26 kN. The bending moment Mcrc of the
beginning of the crack initiation in a concrete under condition of elastic strain in a
compressed area was determined by the formula Mcrc = RbtmWpl = 3.88 kN � m,
where Rbtm ¼ 0:18

ffiffiffiffiffi
R2
b

3
p

, Wpl is the elastic-plastic moment of the cross-section
resistance in the stretched area for reinforced concrete elements of a rectangular,
non-pre-stressed cross-section that is determined from the dependence Wpl ¼
ð0:293� 1; 5EsAs=EbbhÞbh2 [101].

The value of the theoretically calculated load of the crack initiation Pcrc was
determined as Pcrc = 6Mcrc/l0 = 11.5 kN. The calculated maximum deflection f in
the mid-section of the beam was established using the methods of structural
mechanics [102], and in our case its value was f = 3.9 mm.

Results of experimental research. The concrete mixture was prepared for 3…
4 min in a concrete mixer of a forced action equipped with the mass metering
devices of a volume of 0.5 m3. The specimens were made of concrete from one
batch in a rigid metallic cassette casing that was designed for eight beams, and the
mixture was compacted on the vibrating bench. After preparing the specimens, they
were put into a steam-curing chamber to acquire strength, where no additional
pressure was created, and a stationary temperature of +15 °C was maintained. To
avoid the negative action of condensate that gathered on the lower side of the
steam-curing chamber lid, specimens were preliminarily covered with a poly-
ethylene film. There was no wetting of the specimens, and the casing was removed
after 8…10 days, when the specimens were formed.

Fig. 5.32 Reinforced
concrete beam (a) and a chart
of its four-point bending (b)
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Reinforced concrete beams that were 460…500 days old were subjected to
four-point bending. They were loaded on a power stand (Fig. 5.33) by two con-
centrated forces using a hydraulic jack. The force was created stepwise (holding at
each step not less than 15 min before taking the recordings from devices) according
to the following scheme: The first three steps of approximately 30% of Mcrc, the
following three steps—10% of M, the other steps—20% of M. The total time of
loading step duration was 50 min, and its level was controlled by a calibrated
circular dynamometer that was set above the distributing traverse, and by the
readings of manometer indicators of a pumping facility. The readings of
dynamometer indicators were taken immediately after reaching the necessary
loading level and were controlled during each loading step.

In testing, a beam deflection under bending was measured by a frame with
clockwise indicators with a scale factor of 0.01 mm. Deflection was measured
before and after taking the readings at a loading step.

The AE signals, which occur in a beam during the initiation and development of
fracture, were recorded by a programming AE device, AKEM [103]. The AET was
mounted through the layer of an acoustic transparent lubricant (“Ramzai”) on the
lower beam face at a distance of 0.8 m from its edge and pressed to it by a rubber
ribbon with a force of 20…30 N. Signals were amplified and transmitted to a
computer for processing and for subsequent analysis with the use of the AKEM
software. The amplification factor of AE path was 90 dB in the frequency band of
0.1…2.0 MHz.

The crack opening was optically measured using the MPB-2 microscope (�24,
scale factor—0.05 mm). Measurements were conducted at each loading step from
the moment of crack initiation to the value of 0.7…0.8 Pmax. The macro-crack
opening displacements, the crack propagation, orientation, and the formation of
new cracks were recorded at each loading step (Table 5.8).

Fig. 5.33 Testing of a
reinforced concrete beam on a
force stand: 1 is basis; 2 is
beam; 3 is distributing
traverse; 4 is jack; 5 is
dynamometer; 6 is frame with
indicators
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In Fig. 5.34, a histogram of the distribution of the AE signal maximum ampli-
tudes Umax (in arbitrary units, a.u.) and a cumulative count are shown for a certain
range of loading of a beam.

As follows from Fig. 5.34, the low-amplitude AE is mainly generated in the
interval of loads from 0 to 5 kN. Later on, the single bursts of discrete AE occur
with relatively high amplitude that confirms that a crack is initiated in the beam
bulk. This is confirmed by a visual observation of its surfaces (Table 5.8). At the
same time, if the visually discovered surface cracks did not open during this interval
of the applied load, their opening and growth would be observed farther, i.e., their
surface initiation and possible propagation into a beam body are also obvious. The
subsequent loading leads to a decrease of the amplitude values of signals with an
increase of their number. Such a tendency is observed at the load step of 10…15 kN
and in the ranges presented in Fig. 5.34 and in Table 5.8.

Table 5.8 Experimental values of crack opening displacements at the beam surfaces in the
working area

Crack opening displacement, mm

Load, kN Number of the detected crack

1 2 3 4 5 6 7 8

5 – – – – – 0.01 – –

7.5 0.01 0.05 0.05 – 0.1 0.05 0.07 –

10 0.05 0.1 0.1 – 0.2 0.09 0.1 0.06

15 0.1 0.2 0.12 – 0.13 0.1 0.15 0.1

20 0.1 0.2 0.15 0.05 0.2 0.15 0.15 0.17

25 0.1 0.45 0.2 0.1 0.25 0.25 0.25 0.3

30 0.25 0.45 0.4 0.1 0.3 0.4 0.4 0.3

Fig. 5.34 The dependence of distribution of maximum amplitudes of the AES Umax on the
applied load (in arbitrary units, a.u.) (a) and their cumulative count N (b)
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Figure 5.34b presents the clearly distinguishable three intervals. At the first one,
in the range of the applied load of 0…5 kN (the first stage of fracture), an
insignificant growth of the cumulative count N of the AES is noticed. Then, in the
range of 5…25.5 kN, this value grows more rapidly (the second stage of fracture)
and then again abruptly increases in the range of 25.5…27 kN (the third stage of
fracture). According to the published data [38], a jump-like crack initiation is
observed at the first stage. It increases under further loading with simultaneous
propagation and coalescence of the cracks. At the third stage, the fracture is
avalanche-like (Table 5.8). It should be noted that integrally, this process makes its
own contribution to the delamination of reinforcement from a concrete matrix. In
our opinion, it should be investigated by special experiments, because in the elastic
area of loading of the inspected objects, this factor can substantially affect the
interpretation of the results.

Thus, the stages of fracture initiation and development are well detected using
the AE method. Combining it together with other methods of non-destructive
testing provides a satisfactory correlation of the results obtained.
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Chapter 6
Some Aspects of Applying the Acoustic
Emission Method

The direct industrial application of AE as a method of non-destructive testing of the
integrity of structures and their elements, under periodic testing or in service
conditions, is conditioned by the necessity to overcome a number of serious dif-
ficulties that arise due to the presence of significant industrial noise; the consid-
erable loss of information during the passage of acoustic waves through large-scale
structures; solving the problem of using multi-channel equipment to locate the
defects in large objects; developing effective algorithms of the AE sources’ location
and data processing for every type of structure of a very complicated geometrical
shape and welded and other types of joints, etc. Besides, malfunctions of a device
often occur during long-term experiments or NDT. Thus, for example, there is no
reliable AET that can be used in aggressive environments, at elevated temperatures
and pressure, at vibration, etc. Therefore, the structure of such an AET requires
additional technical improvements concerning the operating conditions and service
lifespan. It is necessary to develop high-speed and reliable facilities for processing
the information recorded by AET and presenting the results, which would enable
reducing the extra staff engaged in operating these systems of AE testing.

These difficulties are basically related to the lack of reliable data on the nature of
crack propagation under various loading conditions in aggressive environments.
Despite the above-mentioned difficulties, the data on the practical application of the
AE method accumulated so far, clearly indicate that this type of non-destructive
testing permits detecting and evaluating the location, and the stages of sub-critical
crack growth in large-scale structures operating in industrial conditions.
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6.1 Specific Features of Long-Term AE Testing
of Industrial Objects

The AE signals caused by crack propagation in metals can be subdivided into two
types [1]. The first represents a continuous emission and is conditioned by an
avalanche motion of dislocations and the formation of stable micro-cracks in the
process of the development of plastic zones. The second is discrete AE caused by
the crack front advance in the PZ, and by coalescence of micropores in the crack tip
area.

In general, while testing large-scale structures by the AE method, due to con-
siderable damping of signals it is necessary to record the AES caused by the crack
front movement. At sub-critical crack growth, these signals usually have the form
of short pulses of considerable amplitude. They are emitted for a certain time when
the crack front propagates, and then, for several days or sometimes weeks, the AE
can be very slight or even absent. The average value of periods of low activity of
the AE usually decreases with an increase of the stress state.

On this account, the AE testing of the investigated objects should be carried out
over a long period of time; in this way, a great amount of information is gathered.
This means that the AE testing system should have a large information capacity. It
should also be capable of selecting and quantitatively processing the information
related to the relatively short periods of a crack growth that include the AE data
obtained during the test time—which can last several weeks or months. In such
systems, it is also necessary to foresee the possibility of accounting the parameters
of aggressive environments and other features of a technological process that urge
the crack initiation and propagation.

6.1.1 Selection of a Frequency Band and AET Placing

The AES spectrum, caused by individual crack jumps at the rate of several thousand
meters per second over short intervals, is rather wide and comprises a region of high
frequencies. However, while moving away from the source, high-frequency com-
ponents decay much more than low-frequency ones. A similar type of decaying is
observed for different mechanical noises; therefore, the band of working frequen-
cies should be appropriately chosen to maximally increase the distances at which
the defects could be detected and, at the same time, to minimize the noise level by
increasing the recorded frequency band. The AE system, which consists of a res-
onance AET and a corresponding preamplifier with a band filter that has a sensi-
tivity maximum at a frequency of 200 kHz with the pass band within the range of
200 kHz [2], is most suitable for practical application, except for the cases in which
the noise level is extremely high.
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To obtain the necessary sensitivity and the maximum tested area of a structure
with a minimum number of AET, it is necessary to carry out the following
investigations:

1. Study the statistical distribution of the AES amplitudes near the sources for each
material and fracture mechanism. Since a crack often nucleates in the welded
joints, it is necessary to perform experiments on specimens with welded joints,
choosing the loading conditions and service environments close to real oper-
ating conditions.

2. Investigate the character of generation of the mechanical noises caused by the
operating equipment, turbulent liquid flows, and friction, as well as other
technological reasons by their dependence on the conditions of structure
operation.

3. Carry out experiments on the evaluation of sound dispersion in the investigated
object, especially during elastic wave propagation along a weld, and at the
presence of screening effects conditioned by geometrical features of a structure.

4. Establish the level of electric noises in the measuring system, as well as tran-
sitional properties of vibrations transmitted by signals from the AET to the AE
testing system, in order to minimize the loss of a signal and provide a reliable
screening against electromagnetic industrial noise.

The level of mechanical noises determines the threshold level during AES
recording, which together with estimation of the damping value of signals in all
important directions, determines the maximum distance from the AE source to the
AET, which is capable of detecting the propagating defects. This determines the
minimum density of AET allocation on the surface of IO.

During crack growth in welded joints of large-scale steel structures, the AES
amplitudes lie mainly in the range of 70… 80 dB with respect to the level of 1 μV,
on condition that measurements are done at the standard distance of 20 cm from the
source. The AET sensitivity is 67 dB (with respect to the level of 1 V/μBar at a
frequency of 200 kHz). In such a case, at the threshold level of 26 dB, the detection
distance of a fatigue crack attains 3 m at the initial stages of its growth in various
joints that are on an off-shore platform in extreme weather conditions.

Figure 6.1 shows the dependence of the amplitude of AES radiated by a fatigue
crack and by a calibrating generator on the distance between the AE source and
AET. A generator of pulses with an amplitude of 10 V was used to evaluate the
damping of the AES amplitudes. Proceeding from this figure, a maximal possible
distance between the AET of AES is determined, using the dependences between
sensitivity of the channel of the receiving system, sound attenuation, and the
selected threshold level.

In order to unambiguously determine and locate the AE source, only four AETs
capable of recording signals from this source are required. In this case, four AET
were placed in such a way that the greatest distance from the AE source inside the
controlled region of a structure to the receiver did not exceed 5 m.
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When the mechanical noise level changes, the threshold level should also change
automatically; otherwise, the data recording by the AE testing system will stop at
moments of a considerable increase of technological noises.

6.1.2 Calibration of an AE Testing System

The sensitivity of every AET after being mounted on the IO surface could be
evaluated using the measurement results of the AES recorded by AET during the
progress of an impact-simulated wave. The European working group on AE [3]
recommended using the fracture of a pencil lead as an impact wave source located
at a distance of 10 cm from the receiving AET center. The parameters of a pencil
lead should be as follows: hardness—2H; length—3 mm; diameter—0.5 mm.
Typical results of such experiments are shown in Fig. 6.1. Every group of AET
located on the structure should make it possible to locate such AE source at any
point of the structure region inspected by this group of the AET. At durable AE
testings of structures and objects of different types—except for the calibration
procedure described above—a generator of ultrasonic vibrations is used that is
turned on either automatically or manually, and which is used for periodic verifi-
cation of service capability of the equipment channels and their sensitivity [4].

6.1.3 Analysis and Presentation of AE Test Results

Specific types and mechanisms of fracture typical of these structures, as well as
possible fields of application of the test results, require an appropriate analysis and
specific methods of processing and presenting the results of durable AE testing of
various structures.

It is well known that sub-critical fatigue crack growth is a slow process that
requires durable observations to obtain reliable information on a defect growth. The

Fig. 6.1 Dependence of the
AES amplitudes A on the
distance R between the source
of radiation and AET for
different types of the AE
sources: calibrating generator
(solid line), fracture of a
graphite rod (dotted line) and
a fatigue crack (dots with the
indicated interval of
amplitude variation)
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average time between incremental steps of a crack propagation as well as the causes
of the crack appearance, are important characteristics of a fracture. Furthermore,
information on the stress state and the parameters of service environment, such as
temperature, pressure, vibrations that arise during the operation of a structure, and
because of friction, are very important for the evaluation of susceptibility of
structures to the initiation and propagation of defects.

High density of the difference of the AES arrival times can be used as one of the
most reliable AE parameters of—crack growth. In the case of locating four AET,
the values of the difference of the AES arrival times are relative moments of time
during which the signals from a source reach each AET, which is evaluated with
respect to the time of a signal arrival to the first AET. Since the AET and the source
positions are fixed, certain differences of the arrival time will contain a bias error
that depends both on the transmission function of the environment through which
an elastic wave propagates, and on the direction and distance of propagation, the
AET type, and the method of mounting it on the IO.

As described in paper [5], the values of the differences of arrival times for
densely localized sources that generate repeated AES usually differed by not more
than one micro-second at the distances from the source to the AET of about 6 m in
the welded joints of pressure vessels and in other structures. It should be noted that
this situation was observed, as a rule, during sub-critical crack growth.

Periods of a strong regular AE, the duration of which, in most cases, does not
exceed a few minutes, (as mentioned above), are replaced by long periods (days or
even weeks) of the AE of low activity. Since it is impossible to predict the moment
of a crack growth start in real structures, the AE testing should be carried out over
long periods. Therefore, it is important to summarize the results for a regular period
—for example, for a week or a month—using a plot for data presentation similar,
for instance, to that in Fig. 6.2. This figure represents fully enough the information
necessary for evaluating the degree of a defect danger, namely:

• The sites of the AE sources that can serve as a measure of evaluation of the
defect length in projections are shown;

• The density of the AE events that characterizes the depth of a defect location;
• The dependencies of the number of AE events on time that determine the crack

growth rate; and
• The value of various technological parameters (for instance, temperature,

pressure, and vibration) that enables forming conclusions on the causes of a
crack.

6.1.4 Stability of AE Parameters

The AES contain information on the parameters of dynamic processes in a solid that
are accompanied by an elastic wave radiation. Usually the following parameters of
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an AES are used: the number of recorded pulses; the rate of their count; energy and
duration of pulses; duration of the forward and back fronts of a pulse; duration of
the interval between pulses; frequency spectrum; the AE activity, etc.

When selecting a parameter or a group of AE parameters, one should take into
consideration their relationship with the parameters of dynamic processes (e.g., a
fracture process) that occur in a solid. Then, it is necessary to give advantage to
those AE parameters that bear maximum information and are convenient for
selection and processing, and are resistant to various factors that can affect these
parameters.

During experiments with the AE application, as a rule, considerable data scat-
tering is observed. To a great extent, this is related to the fact that the values of the
recorded parameters depend on such factors as properties of the chosen AET, the
distance from AET to the signal source, amplitude-frequency characteristics of the
recording equipment, the threshold level chosen, properties and shape of the material,
structural features of the investigated object, and so on. The effect of these factors on
the recorded AE parameters is certainly unknown, which brings about considerable
difficulties when comparing the results obtained in various conditions of the AES
recording and interpreting them. Proceeding from the above-mentioned, an important
problem to be solved while applying AE is establishing the stability of a particular
parameter under the action of different sources of elastic wave generation.

Fig. 6.2 Results of the AE testing of a weld: a is the graphic presentation of results of the AE
location of a weld region; b is the distribution of the number of AE events in different regions of
the welded joint; c is the time dependence of the cumulative AE count N; and d is the time
dependence of the technological parameter
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As follows from [6], the effect of the threshold level on the AE parameters can
be studied by changing this level within the signal amplitude range and by eval-
uating the AE parameters investigated. Within the experiment, simultaneously
changing a threshold level and any other factor, for instance, the distance between
the source and the AET, it is possible to evaluate their mutual effect.

The extent of stability of the AES parameters affected by a definite factor is
determined as follows: Measurements of cumulative count, e.g., N = km are carried
out, where k is the number of the values of the investigated factor, e.g., the number
of threshold levels. For each level of a factor t = 1, 2, …, k, m measurements of the
AE parameter Xti, i = 1, 2, …, m are done. Thus, there are k groups with m mea-
surements of parameters in each.

For every level of the factor, the average value of a parameter is calculated by
the formula

Xt ¼ 1
m

Xm
i¼1

Xti: ð6:1Þ

Having averaged overall measurements, we get

X ¼ 1
N

Xk
t¼1

mXt: ð6:2Þ

Mean-square divergence of the average values of a parameter in a group from an
overall average value is:

r21 ¼
1

k � 1

Xk
i¼1

m Xt � Xð Þ2 ð6:3Þ

and mean-square divergence of a parameter from its average value in a group is:

r22 ¼
1

N � k

Xk
t¼1

Xm
i¼1

Xti � Xtð Þ2: ð6:4Þ

If the mean-square divergence between groups exceeds the mean-square of
divergence in a group, this indicates that there is a real difference between the
groups. The ratio of the mean-square divergences can be used for the quantitative
estimation of this difference.

R ¼ r21
�
r22: ð6:5Þ

To investigate the mutual effect of several factors, it is possible to introduce a
measure similar to (6.5). The mean-square divergence for two factors is calculated
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by the formulas presented in Table 6.1, where c is the number of levels of the
second factor.

The relationship (6.5), as can be proved under some assumptions, has a
non-central F-distribution with (k − 1) and (m − k) degrees of freedom tabulated in
[7]. As a verification criterion of the hypothesis on the general effect of a corre-
sponding factor in case of accurately calculated level of significance, the ratio of
R to the tabular value of F-distribution should be taken

RF ¼ R=Fk�1;N�k;0:999; ð6:6Þ

and, with a probability of 0.999, we should estimate whether the investigated factor
affects the corresponding AE parameter. If RF > 1, the effect of this factor on the
respective AE parameter is observed, and the extent of its significance is propor-
tional to RF. Under the mutual action of several factors, the RF value describes the
variation of the effect of one of them on the AE parameters when the other factor is
changed.

In order to evaluate the degree of stability of some AE parameters in the
experiment, the distance of the AET from the AE source was changed. The
recorded signals were processed at various threshold levels. A piezoelectric trans-
ducer, excited by a pulse electric signal, was used as a stable source of acoustic
signals that permits receiving reproducible results. The experiment was carried out
on a cylindrical pressure vessel 1600 mm high and 600 mm in diameter, with an
80 mm wall thickness made of shell 12X2NMFA steel. Signals were recorded by
D9102 AET of a differential type produced by the Dunegan/Endevko Company.
The overall amplification of the receiving channel was 80 dB. An amplified signal
was recorded by a digital memory oscilloscope and then transmitted to a computer,
where the AES parameters were determined. The AES were recorded by the
sequential setting of a transducer on the investigated surface every 10 cm, and by
conducting 4 measurements at each of its positions. Cumulative count N, maximum
amplitude A, energy E, signal duration T, rise time Tr as well as signal propagation
velocity v, were calculated from these data. The parameters mentioned were found
for the AES recorded at the threshold levels that changed from 0.2 to 1 V with the
step of 0.1 V.

Changes in the AE cumulative count depending on the distance to the AET at
different threshold levels are shown in Fig. 6.3.

Table 6.1 Mean-square
divergence of the parameter
values for two factors

Source of changes Mean-square divergence

First factor
mc
k�1

Pk
i¼1

�Xi � �Xð Þ2

Second factor mk
c�1

Pc
i¼1

�Xi � �Xð Þ2

Interaction of factors
m

ðk�1Þðc�1Þ
Pk
t¼1

Pc
i¼1

ð�Xti � �Xt þ �Xi þ �XÞ
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With an increase of the distance, the value of N decreases linearly, and the
dependence on the threshold level is close to a logarithmic one. A signal duration
changes in a similar way. It was measured as the time interval between the first and
the last signal crossing the threshold level.

As seen in Fig. 6.4, a signal energy E dropped more sharply during an increase
in the distance. However, it only slightly depended on the threshold level. Similarly,
the AES amplitude A depends on the distance. Signal rise time Tr was determined,
starting from the moment of signal crossing the threshold level until the moment of
reaching the maximum amplitude.

The TH versus threshold level dependence at various values of the distance from
the AET is shown in Fig. 6.5. The velocity observed of the AES propagation was
estimated as a relation of the distance between the source and the AET to the time
of a signal arrival, recorded at the moment of its crossing the threshold level or at
the moment of reaching the amplitude maximum Amax. For all the signal parameters
discussed above, the value of stability coefficient RF, whose values are presented in
Table 6.2, was calculated. It was found that the most unstable parameter with
respect to the threshold level is a cumulative count, while the most stable is the
signal energy.

Fig. 6.3 Dependence of the
AES cumulative count N on
the distance R between the
AE source and the AET at
different values of a threshold
level, which changed stepwise
every 0.1 V starting from 0.2
(upper curve) to 1 V (bottom
curve)

Fig. 6.4 Dependence of the
AES E energy on distance
R between the AE source and
the AET at various threshold
level values, which changed
from 0.2 (upper boundary of
the shaded region) to 1 V
(lower boundary)
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As seen in Table 6.2, a relative stability of a parameter in regard to one of the
considered factors is accompanied, as a rule, by a relative instability in regard to the
other factor. The sum of stability coefficients tends to preserve to the threshold level
and the distance. Stability coefficients for the interaction of factors are lower by
about one order than the stability coefficients for each factor separately. Therefore,
the order of the values of stability coefficients at interaction is preserved if one of
the factors changes. Similarly, it is possible to determine the effect of other factors
on the AES parameters, such as the band pass of equipment, the AET type, con-
ditions of its mounting on the specimen surface, its shape, etc.

It was established that various AES parameters show different stability to a
threshold level and a distance. Therefore, one should either choose the parameters
with a maximum stability and use them as informative parameters of the AES
during the AE testing of structures, or provide procedures to reach this stability.

6.1.5 Classification of AE Sources by Their Activity

Difficulties in using the AE as a method of non-destructive testing are mostly
related to the absence of reliable criteria that make it possible to determine the risk

Fig. 6.5 Change in the AES
rise time TH during an
increase of the threshold level
Ug for distances R = 0.1; 0.2;
…0.5 m from the AE source
to the AET

Table 6.2 Stability coefficients RF for the AES parameters in relation to the change of threshold
level and a distance to the source

Factors of the change of stability coefficient Parameters

N I E A τ Vp VA

Threshold level 53 42 0.1 – 20 16 –

Distance between the AE source and AET 11 2.6 44 55 19 16 79

The interaction of two factors: the threshold level and the
distance between the AE source and AET

0.6 1.3 0 – 4.8 2 2
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degree of the defects detected in the structure investigated. The state of an object is
most often determined by the dependence of the cumulative count of AE on the SIF
[8]. This approach is considered more generally in [9, 10], where, in particular, it is
suggested to describe the dependence of the AE cumulative count on any loading
parameter, e.g., load value, number of cycles, time, and so on, using a statistical
dependence.

According to the classification proposed in [11], the AE sources are subdivided
into three groups: C are non-active sources, for which the number of the AE events
during observation increases only slightly; B are active sources, where the
dependence of cumulative count on the applied load is relatively linear for them;
and A are critically active sources, where the number of the AE pulses grows
rapidly.

Sources classified as non-active are recorded, but they are not observed later on.
Active sources need to be observed, while during the recording of a critically active
source, it is recommended that a non-destructive testing be conducted using other
methods.

Paper [12] proposes a system of classifying the AE sources used as a basis in a
Japanese standard for testing spherical vessels [13]. Each AE source in this system
refers to a certain class and type. The class of the source is determined by the total
radiated energy and its density emitted from a unit of the source area, and the type
of the source is determined by the dependence of total energy on the loading
parameter. Four classes and four types of sources are examined in this system. On
this basis, they are subdivided according to the degree of danger, into four groups:
A, B, C, and D. Group A includes sources, the presence of which requires an
immediate interruption of loading; Group B includes the sources whose localization
region should be checked using traditional methods of non-destructive testing; and
Groups C and D include the AE sources that are not dangerous and do not claim
special attention.

The method belonging to the first group of the above-mentioned classification
does not have any obvious criteria of structure scrapping, and is based on quali-
tative approaches that do not take into account a jump-like character of a fracture.
The second method differs by a very complicated procedure of estimating the
danger of defects, and there are no valid criteria of their classification.

Paper [10] formulated the problem of determining the numerical criteria of
estimating the danger of AE sources using the AE test results based on the
parameters of AES, which can be easily determined (for instance, the cumulative
count of AE, which is related to amplitude and duration of the AE pulses, and,
therefore, to the process energy). Since the AE is known to be a discrete process,
the growth of cumulative count is also a stepwise function.

If the loading parameter increases by ΔΠ, then the cumulative count of AE
increases by ΔNi. By approximating two successive values of the Πi and Ni

quantities by power dependence
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Ni ¼ A0P
mi
i ; ð6:7Þ

where A0 is the proportionality factor, mi is the power index. For ΔNi from (6.7), we
get

DNi ¼ miA0P
mi�1
i DPi: ð6:8Þ

From dependencies (6.7) and (6.8), we find the power index

mi ¼ DNiPiðDPiNiÞ�1: ð6:9Þ

Relationship (6.9) permits determining a power index at any stage of an incre-
ment of the AE cumulative count. Classification of the AE sources can be per-
formed by m values at each step of the N increase. If m is less than one unit, a
cumulative count derivative diminishes, and the AE activity of the process for this
source drops. Such a source can be classified as non-active for this growth of the
parameter. For m ≈ 1, the AE process develops with a permanent intensity. The
corresponding source is active, and on condition that 1 < m < 6, it is critically
active, and when m > 6, it is catastrophically active. It is clear that the same source
can be classified as non-active at low levels of a load, or as critical and possibly
catastrophically active at high values of the applied load. Final classification can be
made only after performing the AE research in a given range of the applied loads.

The analysis of an m variation shows that this random value has two areas that
are characterized by various average values. This is evident by the dependence of a
cumulative count of load in logarithmic coordinates. In the first area, the source can
be characterized as non-active or active, while in the second, its activity is critical or
even catastrophic.

If we represent the random value of m as a parameter of probability distribution
and we take into account the presence of the two above-mentioned areas, it is
necessary to find for each of them the distribution by different mean values of
m. For this purpose, the following exponential dependencies were chosen:

M1ðmÞ ¼ m1 expð�m1mÞ; M2ðmÞ ¼ m2 expð�m2mÞ; ð6:10Þ

where ν1 = 0.99, and ν2 = 0.33. The validity of the empiric distribution in the
sample was checked by means of the Pearson fitting criterion. Then the value of k21
for the first approximation is 11.57, and for the second—k22 ¼ 11:95. If the level of
significance α = 0.05 and the degrees of freedom are 6 and 11, the critical values of
k2kp for approximations (6.10) will be 12.6 and 19.7, respectively. The values of k21
and k22 that were obtained are smaller than the critical ones, so it is possible to
consider, with the given probability, that the experimental data are described sat-
isfactorily by the laws of distribution (6.10) with the parameters described above.

To perform an effective acoustic-emission testing, it is necessary to find such
criteria whose usage in the dependencies (6.10) permits estimating the degree of the
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AE source danger for a structure. The selection of one of the two statistical
hypotheses that determines to which type of distribution (6.10) the value of m be-
longs can be performed by successive procedures [14]. However, for a successive
analysis, it is necessary that the distribution in the investigated sample be invari-
able; this criterion is not satisfied in the given case, because one stage of the
cumulative count growth is substituted by the other one at the a priori unknown
moment. Therefore, the investigated samples will be mixed up. In this connection, it
is necessary to have a criterion that permits distinguishing the second stage of an
increase of the AE cumulative count. If the criterion is satisfied, then it is possible to
check a hypothesis on the validity of the second distribution (6.10) because it
corresponds to the critical and catastrophically active AE sources.

A successive procedure for such estimation is as follows [7]: Some threshold
value mth of m is assigned—hardly probable for the first area, and highly probable
for the second. In such cases, after a sequence of independent experiments in which
realization of the event E0 in each of them is checked, and which consists of
m exceeding the given threshold value, it is possible to get two expressions for a
number of experiments, where the event E0 took place:

Zk1 ¼ ln½a0=ð1� a1Þ�þ k ln½ð1� p1Þð1� p0Þ�
ln½p1ð1� p0Þ=p0ð1� p1Þ� ;

Zk2 ¼ ln½ð1� a0Þ=a1� þ k ln½ð1� p1Þð1� p0Þ�
ln½p0ð1� p1Þ=p1ð1� p0Þ� ;

ð6:11Þ

where α0 and α1 are the assigned probability of errors of the hypothesis H0 on the
validity of the second distribution (6.10) and an alternative hypothesis H1,
respectively, p0 and p1, are the conditional probability of the event E0 when the
hypothesis H0 and an alternative hypothesis H1 are valid, respectively.

p0ðm�mth=M2Þ ¼
Z1

mth

M2ðmÞdm;

p1ðm�mth=M1Þ ¼
Z1

mth

M1ðmÞdm:
ð6:12Þ

In the coordinates, k is the number of experiments, Zk is the number of the events
E0, and there are three regions, divided by parallel lines for the successive proce-
dure (6.11).

It follows from the analysis of the m value dependence that a hardly probable
value of m = 4 for the first stage of fracture appears quite frequently at the second
stage. Therefore, putting m = 4 (6.12) with the account of (6.10), we get p0 = 0.27,
p1 = 0.02. The probability value of the error of the first kind α0 (probability of an
active source missing) should be assigned to be smaller than for the probability of
the error of the second kind α1, i.e., over-rejection. Proceeding from this, we can put
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α0 = 0.01, and α1 = 0.05. If for the given p0, p1, α0, α1, the point (k, Zk) is located
above the region bound by two lines (6.12), it is assumed that the corresponding
source can be classified as critical or catastrophically active.

The analysis [10] of the experimental data obtained for specimens made of the
pressure vessel material showed that the point (k, Zk) was as a rule outside the
bound area for the third or fourth event E0. With this conclusion, we can set forth
other criteria that follow directly from the dependence of the AE cumulative count
on a load.

Such criteria can be formulated as follows:
Putting in the relationship (6.7) as above, m = mth = 4, we get

Ni ¼ A0P
4
i : ð6:13Þ

Then, the increment of the AE cumulative count will be

DNi ¼ 4A0P
3
i DPi: ð6:14Þ

Assuming that

DNiþ 1 ¼ 4A0ðPi þDPiþ 1Þ; ð6:15Þ

and taking into account that

Niþ 1 ¼ Ni þDNiþ 1; ð6:16Þ

then it is possible to take the ratio of (6.15)–(6.13) as a criterion

DNiþ 1

DNi
[ 1þ DPiþ 1

Pi

� �3DPiþ 1

Pi
: ð6:17Þ

When this inequality is satisfied, then m > 4.
During an accelerated growth of a crack, frequent increments of N occur, and the

intervals of the loading parameter in this case are considered to be approximately
the same and small ðDPiþ 1 � DPÞ: Then, neglecting in (6.17) the higher order
term of smallness, it is possible to get the following criterion:

DNiþ 1=DNi [ 1þ 3DPiþ 1=Pi: ð6:18Þ

However, at the initial stages of loading at large values of ΔΠ, these criteria do
not always correctly characterize the AE source activity. A more exact relationship
can be obtained from (6.13) with the account of (6.16)

DNiþ 1=Ni [ ð1þDPiþ 1=PiÞ4 � 1: ð6:19Þ
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Taking into account that power index m is a random value, the realization of
criteria (6.17–6.19) is also a random event similar to the event E0. The evaluation
with a given degree of reliability can be performed by setting additional conditions
that determine how many times the criteria should be satisfied. Similar to a suc-
cessive evaluation, we can require satisfying the (6.19) three times. Hence, a given
source should be considered a dangerous one for this structure. As is seen in
Fig. 6.6, the criteria (6.17 and 6.18) are satisfied starting from the initial stage of
fracture, and the criterion (6.19) is satisfied at the stage of accelerated crack growth.
Thus, this criterion more reliably presents the degree of danger of the recorded AE
sources. The obtained relationships (6.17–6.19) permit distinguishing the catas-
trophic stage of fracture, and together with the results of statistical analysis serve as
decision-making criteria on the degree of the AE source danger for a structure.

6.2 Using the AE Methods for Testing the Offshore
Platforms

For various technical and economic reasons, it is nearly impossible to perform an
overall inspection of all kinds of units and joints of the offshore platforms.
However, it is possible to check the individual parts that are most sensitive to crack
initiation and propagation. A special AE testing system [1, 2] has been developed
for this purpose. It consists of 4 × 32 channels and is equipped with 144 AET. The
system permits checking various service parameters and all major units, welded
joints, and places of fastenings that are on a platform.

The present system of the AE testing has the following characteristics:

• High sensitivity and low level of natural noises;
• Capability of choosing the working frequency range to get an optimum

signal/noise ratio under a minimum effect of electromagnetic background (the
average value of noises after treatment by the AES processor does not exceed
one event per second);

Fig. 6.6 Change in the
cumulative count of AES N
with load P for a 15X1M1F
steel specimen with a notch
under bending testing.
Straight lines show the range
of fulfillment of criteria
(6.17), (6.18), and (6.19),
respectively
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• Distances at which it is possible to reveal the AES of small amplitude that are
generated at early stages of crack formation in service conditions are 5…6 m;

• Reliable protection against atmospheric and mechanical damage;
• A specially protected and screened cable for transmission of high-frequency

signals of low amplitude at a distance of more than 300 m at a minimum level of
induction of electromagnetic hindrances;

• Rapid processing and assessment of the importance of the recorded AES;
• Possibility to take into account the external parameters (in the case of off-shore

platforms these are accelerations, rotations, keel swaying, slope angles and
height of waves, speed of wind, etc.) in order to predict the danger of the defects
more exactly;

• Automatic calibration of the AET and the measuring paths as well as automatic
checking of the obtained results; and

• A turn-off system acting in case a defect is located, and as a result the first four
AETs of the six that recorded the AES are chosen, ensuring the best calculation
of the defect localization.

In this case, for testing the off-shore platforms, the threshold level was selected
to be equal to 26 dB (0 dB corresponds to 1 μV, and 120 dB—to 1 V). Sensitivity
of the D9203AH AET was 67 dB in the pass band of 100…300 kHz. At this
threshold level, the maximum speed of the recorded events was about 100 events
per second.

The results of underwater testing of platforms [5] showed that the frequencies of
80 and 240 kHz were most expedient for the reduction of noise. The same fre-
quencies provide a maximal increase of distances at which the AES recording is
possible. Above 80 kHz, as the experiments showed, mechanical noise became
considerably weaker, but the noise in water was at a very high level that could be
reduced further by placing the AET in specially designed protective shrouds.
Measurements conducted in various weather conditions showed that the noise of the
highest intensity (to 60 dB) was caused by different ship engines, and it spread over
considerable distances. To decrease this noise, the required AET sensitivity during
the action of a compression wave on the rear wall of the protective shroud was at
least 26 dB lower than the sensitivity of the AET front-working surface with which
the AET was fixed to the structure surface. The application of such a method made
it possible to decrease the number of the recorded AES caused by noises in seawater
to only a few events per minute in one channel, and their total number for all
channels was close to one event per second.

As the testing of platforms [5] showed, the AES amplitudes during crack
propagation in a weld were 50…60 dB at a distance from 0.5 to 3 m from a source.
At the chosen threshold level of 26 dB, the range of distances of the recorded AE
events at the initial stages of fatigue crack growth in the joints of platforms at
extreme weather conditions reached 2.5 m.

To provide the testing of a crack initiation and propagation in the welds of
platform attachment fittings, the location of the AET should satisfy the following
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conditions: For all potential AE sources, the signal damping at a distance of 20 cm
for the four nearest AET should not exceed 50 dB, which corresponds to the
recording range of approximately 2.5 m. This value depends on the number of
welded joints through which a signal passes from a source to AET. Thus, for
example, to provide the testing of an attachment fitting of a medium size, six AET
are needed.

The systems of AE testing of off-shore platforms can be located both on a
platform and outside it. The first one is better in a general case, because there is no
need for the permanent presence of an operator. The AE data can be recorded on a
hard disk and, if necessary, can be transmitted for on-shore processing. In such a
case, an operative supervision over the work of a system implies periodic checking
of its serviceability and replacement of disks (on average, two man-days per week).

Test results are analyzed and processed over one or two weeks. To a great extent,
this period is determined by the amount of the recorded information. The major
problem with AE testing is finding the location of a defect or a group of defects
within the region of a platform surface chosen for the testing. The dependences of
the cumulative count of AE and of the average state of seaway on time can serve as
the measure of danger of defects or their groups. The results of the AE test data
processing should include the following information on [5]:

1. Determination of localization of the AE sources in order to identify and group
them;

2. Representation of the temporal evolution of each group of sources (cumulative
count of AE depending on time);

3. Establishment of correlations with seaway for every group of the AE sources
found (accounting the wave height at those moments when each AE event was
recorded); and

4. Presentation of the amplitude distribution of the AE events in every group of the
Hsu sources [3] (based on the signals recorded by the AET closest to this
group).

From the data stored on a disk for every test period (for one or two weeks), only
those of interest are preserved. Such sorting of the AE test data is performed
according to the results of their analysis outside the platform, in laboratory
conditions.

Except for a system of the AE testing of off-shore platforms considered above, in
order to inspect the joints of a simple geometrical shape, it is possible to use a
simple portable system that has four receiving AET and a calibrating generator of
ultrasonic vibrations. The AET can be mounted in the region of a unit having
defects and an elevated concentration of stresses, or it can be moved from one place
to another where there is a danger of defects forming. Such a system can be also
used to check the operation of various mechanisms placed on a platform—for
instance, for checking the growth of fatigue cracks in the rings of revolving hoisting
cranes [5].
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6.3 Using the AE for Testing the Nuclear Reactors

The possibilities of using the AE method in diagnosing nuclear reactors were
considered in many papers (see, for instance [15–17]). In particular, in [17] a
problem regarding the possibility of the AE testing of the growth of defects in
pressure vessels of nuclear reactors was studied both during hydrostatic tests and in
operating conditions. Research was conducted in the following three directions:

1. Developing the methods of identification of crack length increment using the
AES.

2. Determining relationships between the recorded AE and the crack length
increment.

3. Determining a possibility to test the pressure vessels both during hydrostatic
tests and in operating conditions.

The realization of this research program started from the laboratory experiments
on ATM A533 B steel specimens of Class 1. However, due to the fact that a direct
transfer of laboratory results to large-scale structures turned out to be very com-
plicated, the tests were conducted on the pressure vessels with the wall thickness
over 100 mm. At the third stage, the AE testing system was mounted directly on the
operating reactor.

During the preparation of hydrostatic testing in the central part of a vessel of
dimensions of 120 × 700 × 1500 mm, three fatigue cracks were artificially initi-
ated: two on the internal surface and one on the external. The sizes of all three
defects were different, which made it possible to obtain different rates of growth for
each of them in subsequent testing.

During hydrostatic testing, water temperatures were 65 and 265 °C. Three types
of AET were used for AES recording: the AET with metal waveguides twisted into
specially drilled holes on the vessel surface; three AET with metal waveguides
tightly pressed to the investigated surface; and low-frequency AET directly
mounted on the vessel surface. These AETs were used only in hydrostatical
testings.

The AE testing equipment consisted of a recording unit, where the AES that
were received were processed, and their time dependences, amplitude, difference in
the arrival time, and other characteristics were found. Then, this information was
translated into a digital code and was stored on a magnetic tape and was simulta-
neously transferred to a processor, where a defect location was determined, and it
was decided whether the given AES was related to the crack length increment.
Based on the information gathered, the degree of defect danger was evaluated.

The dependencies of the crack depth on the number of loading cycles at 65 °C
were found (Fig. 6.7) using the test results. The crack depth was estimated
according to the value of the measured crack opening displacement. The internal
defects propagated more quickly than the external ones, due to the action of the
water.
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Having analyzed the AES obtained from the investigated section of the vessel, it
was established that the emission from this region followed certain regularities. In
all tests conducted at 65 °C, the AES had large amplitude values that corresponded
to the maximum values within a loading cycle. The amplitude of over 60% of
signals was higher than 9 V. Unlike the above-mentioned laboratory testing of
specimens, only 8.5% of AES had similar amplitude values. Moreover, it was found
that the AES were densely grouped at the maximum load value in a cycle. In
laboratory research, only about 2% of the recorded signals corresponded to the
maximal load in a cycle, while the majority of the AE events corresponded to the
average value of the load. The information on the load value during these tests was
transmitted to the AE testing system and stored. For this purpose, the cycle of
loading was conventionally divided into 100 parts, and the number of each part that
was stored by the system corresponded to each load value.

The dependencies of the AES count rate against time were obtained using the
information on the defect location. Together with the results of laboratory tests that
enabled finding the rate of the AES count, the possibility of estimating the defect
growth velocity was found when no defect growth was observed. It was found that
the crack growth rate, determined from AE data, was somewhat higher than that
established by measuring the crack tip opening.

Except for the AES caused by the growth of artificially created defects, the AE
caused by natural fatigue cracks was recorded under cyclic testing. These sources
were concentrated in the area of the welds. Subsequent inspection of these welds—
using the methods of non-destructive testing—confirmed the presence of cracks in
them. It should be noted that signals from these cracks were recorded at distances of
up to 3 m, including the most remote AET. In those tests, the AET were tightly
pressed to the surface investigated. They are similarly fastened in the case of AE
testing of the reactor.

A special problem of the AES research in hydrostatical tests was to estimate the
possibility of detecting the fatigue cracks by means of the signals they emit.
However, under periodic loading, when the applied load was 1.1 times higher than
the maximum load during cyclic testing, no significant AE was recorded. The
results put the efficiency of using the AE for the detection of defects in hydrostatical

Fig. 6.7 Dependence of the
crack depth l on the number
of loading cycles n for
temperatures 65 °C (numbers
correspond to enumeration of
cracks)
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testings in doubt. It should be noted that the AE activity was considerably higher
when a vessel was not preliminarily cyclically loaded up to the level mentioned.

One of the major problems when designing the AE testing system for nuclear
reactors is developing a method for separating the AES that are generated by a
propagating crack and the signals from the sources that are safe. For this purpose, a
numerical processing of signals was carried out, which permitted selecting appro-
priate features related to spectral composition (for instance, peculiarities of power
spectrum of an individual signal, self-correlation function, or statistical moments of
power spectrum). This procedure permitted decreasing the volume of information
required for a description of the analyzed signal characteristics. Based on the
established features of the AE pulses, the regularities were obtained, according to
which the recorded signals were classified.

At first, the set of features extracted from the AE pulses did not provide satis-
factory results while testing the reactor pressure vessels. Therefore, a new group of
the AE signal characteristics was composed, which included the parameters of a
self-regression model of the tenth order describing every individual pulse. The
advantage of this group of characteristics is that it is not very sensitive to signal
amplitudes. The efficiency of these characteristics was demonstrated while classi-
fying seismic signals and while processing the AE data obtained on aluminum
specimens. As regards testing reactor pressure vessels, the correctness of such a
classification method was 75…80%. The authors [17] felt that despite the
improvements introduced, these results still cannot be considered acceptable. The
statistical analysis showed that the correct level of accuracy in classifying the
defects should provide an error not exceeding 10%. Only in this case is the
application of the AE testing system effective.

While testing the reactor power unit, the AE testing system included 16 AET
with high-temperature waveguides, which were pressed to the surface of the reactor
casing, both in the region of its bottom and near the inlet and the outlet nozzles of
the cooler circulation system. The resonance frequencies of the AET were chosen in
the range of 450…500 kHz. Tests were carried out at a continuous increase of
temperature and pressure up to their working values (292 °C and 15.4 MPa), with
subsequent holding at these values. As a result of testing, it was found that the
noises were caused by the cooler flow and depended on the service conditions, i.e.,
values of temperature and pressure, and type of reactor, as well as on the AET type
and the construction of the waveguide (Fig. 6.8). It should be noted that the values
of signal amplitudes caused by fatigue crack increment presented in the figure were
obtained in previous pressure vessel testing. As is clear from the same figure, at a
temperature of 65 °C and a pressure of 2.6 MPa, it is almost impossible to select
AES that are generated by fatigue crack growth on the background noises, even by
using the AET with a resonance frequency of 500 kHz. At higher temperatures and
pressure of the cooler, the conditions of AE recordings caused by a crack are much
better. Thus, at a temperature of 177 °C and pressure of 2.8 MPa, and at higher
values of these parameters, the AET with waveguides of a resonance frequency of
500 kHz, enables selecting the AES effectively enough on the background noises.
Besides, it is clear from Fig. 6.9 that when using the high-temperature AET without
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a waveguide, the AES amplitudes slightly differ from the noise level, which is why
it is unreasonable to use a waveguide. Such AET efficiency can be improved by
providing a waveguide and by decreasing the sensitivity to low-frequency vibra-
tions in this way.

To check whether the AE testing system is capable of recording the AES in
service conditions, a series of experiments was carried out. Compact specimens
made of instrumental steel were preliminarily loaded mechanically, then mounted
on the pipe and tightly fastened to the inlet pipeline. Furthermore, a heated brass bar
was pressed to its surface. Due to temperature differences of the coefficients of
thermal expansion, the specimen was additionally loaded and ruptured. The AES
generated by the specimens that failed in this way were recorded by the AE testing
system at various working temperatures, pressures, and conditions of a cooler flow.

As a result of all the tests, the following was revealed:

1. The AE testing permits revealing the increment of both artificially induced and
natural fatigue cracks in thick-walled pressure vessels used in nuclear reactors.

2. The possibility of the AES detection in the presence of technological noises of
the reactor is shown.

Fig. 6.8 Dependence of the
cooler noise level A on
temperature and pressure: A,
B is recorded by the AET with
a waveguide with a resonance
frequency of 500 and
375 kHz, respectively; C is
recorded by high-temperature
AET without a waveguide;
D is a level of electric noises;
E is the AES level at a
temperature and pressure,
respectively: a 65 °C and
2.8 MPa; b 177 °C and
2.8 MPa; c 292 °C and
8.4 MPa; d 292 °C and
1.4 MPa
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3. The AE data can be used for the estimation of fatigue crack growth rate in
thick-walled pressure vessels.

4. The efficiency of applying a high-temperature AET with waveguides in the
reactor operating conditions is shown.

5. The AE system permits maintaining rather reliable and continuous testing of the
state of an operating reactor for a long period of time (at least one year).

6. The AE testing system permits revealing the defects located in the sections of a
reactor that are difficult to access.

6.4 Application of AE Method for Estimation of Strength
of Pressure Vessels and Pipelines

Here we present some results obtained while using the AE for checking the initi-
ation and propagation of cracks in the models of a pressure vessel and in large-scale
pipelines. For the AES recording, the equipment of the Dunegan-Endevko
Company, type 3000, and the multi-channel system 1032 were used [18]. This
equipment permitted carrying out a spatial location, time-gating, and selecting the
AES pulses according to the parameters of an external loading that made it possible
to eliminate the effects of external noise sources and to select information on
fracture for subsequent processing and reproduction in a printed form or in a
display.

Fig. 6.9 Dependence of the
cumulative count of AES
N on the level of the applied
stresses p under stepwise
loading of a pipe without a
notch and with a notch
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In Fig. 6.10, the results of the AE recording under stepwise loading of the pipe
with a 210 mm diameter and 40 mm thick wall made of 12X1MF steel are pre-
sented. An external notch located in the axial direction was made on this pipe. Its
depth was 0.45 of the wall thickness, and the length was 250 mm. While loading
the notched pipe (Fig. 6.10), the AE from the notch region was recorded at a slight
internal pressure that confirms the development of this defect. This was also proved
by the results of the location of AES due to the fatigue crack increment. The
location of AE sources permits estimating the crack sizes and establishing the
location of an initiated crack.

Furthermore, a piece of a pipeline of 850 mm in diameter and a 48 mm thick
wall made of 22K steel with anticorrosion X18N10T steel coating welded on the
internal pipeline was tested. The pipeline contained longitudinal welded joints that
provided a considerable heterogeneity of the stress-strain state. The defects that
unavoidably arise during welding also reduced the serviceability of the pipeline.
The results of the AE sources’ location in the area of each longitudinal joint during
the loading, up to the moment of failure of the section of the pipeline that was
examined, are presented in Fig. 6.11. When the pressure increases, the AE sources
that form groups in the area of the welded joints indicate the areas of the location of
the defects that develop during testing. At a pressure of 40 MPa, the pipeline fails.
It was established that in the area of crack growth, the fracture was caused by the

Fig. 6.10 Determination of
the coordinates of the AE
sources in the region of a
weld failure by four AET for
the whole observation period

Fig. 6.11 Dependence of the
cumulative count of the AES
N on the level of the applied
stresses P during hydraulic
testing of a section of 22K
steel pipeline with cracks (1)
and welding defects in the
area of longitudinal welds
Nos.1 (2) and.2 (3)
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presence of faulty fusion welding in the joint area of the base metal, surfacing, and
the welded metal of a weld. Herein, the AES recording made it possible to find a
defect that develops long before a complete failure of the examined pipeline
section.

Repeated static testing by internal pressure of real sections of straight pipelines
made of 22 k steel with anti-corrosion coating of X18N10T steel of a diameter of
850 mm and wall thickness of 48 mm that contained circular and longitudinal
welded joints were carried out as well. In the base metal and in the coating, as well
as in the heat-affected zone of longitudinal welds, there were surface notches with a
depth of 0.25…0.35 of the wall thickness. Apart from these notches, welding
defects of sizes that exceed the admissible ones were left without healing in a
welded material. During testing, the loading parameters were recorded, and, using
the AE testing system, the AE sources were localized and the AES parameters were
recorded. The test results of one of the pipeline sections are presented in Table 6.3
(maximal nominal hoop stresses were 0.8 σ02, while the number of loading cycles
of all modes was 7500).

The analysis of recorded AES alongside the visual observation permits proving
that the crack initiation conditions are different in different regions of the welded
joints; this is explained by the difference of material properties and the presence of
typical residual stresses. Therefore, the cracks that started from the notches of
identical size but were located in different regions of the welded joints, began to
propagate after a different number of loading cycles. The moment of their growth
start was revealed much earlier by means of AE than by visual control.

A high concentration of the AE sources in certain areas of a structure and the fact
that AES was recorded in the narrow range of the applied load that corresponded to
the threshold stress intensity factor values, confirmed the beginning of the crack
propagation. It should be noted that this range for the cracks located in different
regions of the welded joints was also different, thus proving that the dependence of
fatigue crack growth kinetics on heterogeneity of the stress state is related to the
material properties in the region of the welded joints. As a result, the depth of
fatigue crack growth under the same modes of loading at identical initial sizes of
notches was different.

Table 6.3 Data on a crack length increment in a pressure vessel

Region of
longitudinal welded
joint

Notch
depth,
mm

Notch
length,
mm

Final crack
depth, mm

Number of loading cycles
for a visual revealing

Base metal 10 100 13.0 5800

14 140 24.3 3000

Welding metal 10 100 13.0 6300

14 140 18.8 3390

Heat-affected zone 10 100 13.0 6000

14 140 20.8 3200
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The AES caused by cracks initiated at the notches and at the natural welded
defects were recorded separately during the hydraulic testing of pipelines. The
results of these tests are presented in Fig. 6.11. It was found that the AE activity
caused by the defects that develop from the notches of a depth equal to 0.35 of the
wall thickness was higher than by the welded defects. Shallow defects (the notch
depth equal to 0.25 of the wall thickness) produced the AE, which was practically
the same as the welding defects. Metallographic analysis confirmed the availability
of a slight crack growth at small notches and near the welded defects.

Thus, the AE method permits defining the location of the AE sources and their
activity, which enables one to conduct the analysis of a structure’s imperfectness.
The inspection of the AE sources that were found can be further conducted using
traditional methods of non-destructive testing, which take into consideration the
available standards and provide information on the degree of danger of the defects.

The information obtained using the AE method during hydraulic testing [18] can
be used for the operation inspection of pressure vessels and pipelines. In this case, it
is enough to check only the areas of the AE activity revealed during hydraulic
testing. Based on these observations, it is also possible to establish the specific
features of the development of defects, to solve the problem of technical diag-
nostics, and to predict the lifespan of the equipment.

6.5 AE Inspection of Welded Joints

Most unique structures contain welded joints that should be highly reliable when
being used, and special diagnosing systems and complexes have been developed for
this purpose. As is known, means of non-destructive testing and diagnostics, which
use the AE method, permit testing the required volume zones of a structure or its
individual elements regardless of geometrical sizes and the type of material. The
defects in the welded joints (gas pores, tungsten inclusions, oxide films, cracks,
faulty fusion, etc.) non-uniformly distribute the loads over the volume of the tested
object which, in turn, causes some differences in the AE generation due to the
availability of the areas with and without defects. Therefore, to effectively use the
advantages of the AE method as one of the promising methods of nondestructive
testing, one needs to have the preliminary comparative characteristics of the AE
activity of structural materials under loading, when the processes of defects initi-
ation and propagation in them are observed, i.e., fracture processes. This enables us
to select the necessary conditions of recording the AE signals by a measuring
device, to compare the optimum values of their information parameters, such as
amplitude, cumulative count of the AE signals, number of events, spectral char-
acteristics, etc., as well as to maximally approach the solution of the problem of
signal identification. Such investigations of structural materials and their welded
joints are carried out in laboratory conditions and form the basis for the develop-
ment of new methods of diagnostics and non-destructive testing of products and
constructions.
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The quality of a welded joint can be inspected using the AE method at different
stages. The first stage includes the period of welding from the very start until the
end. The second stage includes the period of the weld cooling until it reaches its
equilibrium state. The third stage includes the period following the establishment of
the equilibrium stage.

The AE testing of extended welds can be carried out simultaneously at the first
two stages. Their common feature is that the AES originate under the action of
internal local stresses that develop in a near-joint area without additional external
loadings (Fig. 6.12). Internal stresses are caused by the material structure hetero-
geneity, as well as by non-uniformity and non-stationarity of thermal conditions of
the process of welding. At the second stage of inspection, a common or local
external action on a weld is necessary for the AES generation.

A successful application of the AE for weld testing is related with a possibility to
select signals generated by defects from the general amount of signals that are
generated against the background noises. A frequency band, in which the AES are
selected, is chosen, taking into consideration the spectrum of noises and acoustic
waves damping in the material. Usually, this frequency band is set within the
interval of 50 kHz…2 MHz.

The AE testing of pipe welds is performed, as a rule, during the cooling of joints,
expanding, or hydraulic testing of pipes [19]. During hydraulic tests, the recorded
AES were caused mainly by the noise due to the water flow and its friction with the
pipe wall, and due to slight leakages that were not recorded by a manometer.
However, at hydraulic testing, the defects do not emit AES. As the analysis showed,
this is explained by a volume expansion immediately before a hydraulic testing of a
pipe, when much stronger forces compared with hydraulic testing are applied to it,
and thus the KE is observed.

During expanding the pipe is deformed successively in the sections of length of
about 1 m. The degree of deformation attains 0.5…0.7%. In this case, as research

Fig. 6.12 Schematic of
temperature limits distribution
in the near-weld zones: 1 is
the melt area, 2 is the overheat
area, 3 is the re-growth area, 4
is the incomplete
recrystallization area, 5 is the
recrystallization area, 6 is the
aging area [9]
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has showed, it is very difficult to detect cracks using the AE method, due to the high
level of noises caused by plastic deformation of material and by friction of expander
elements with the internal pipe surface. During welding, it is difficult to reveal the
cracks due to the noise caused by slag film cracking.

More optimistic results were obtained in the AE research at cooling the welds.
During their cooling, the AES are emitted with defects for a long time and are
characterized by high amplitude and intensity. Specimens with high-quality welds
practically do not emit the pulses, and only single rare bursts of the amplitude and
intensity are observed (Fig. 6.13) [20]. A slag layer is removed from a weld
immediately after its welding. According to the investigation results a good cor-
relation was founded between the longitudinal and transversal cracks and the AES
in welds; however, in the case of volume defects (such as pores), the AE was not
practically observed.

The welded structures are subdivided into 4 groups according to AES radiation
intensity: 0—AES is practically not observed; 1—insignificant intensity of AES
radiation (up to 104 pulses); 2—AE of medium intensity (up to 4 × 104 pulses)
with the considerable AES amplitudes; and 3—continuous AES of high intensity
(up to 12 × 104 pulses).

The initial basic data on the AE character is required for each particular case of
the welded joints that would take into account the structure of materials, technology
of their welding, and so on. Such data are definitely obtained during laboratory
testing. We will briefly discuss some of this data.

6.5.1 Verification of Selection of Materials, the Type
of Specimens, and an Investigation Method [21]

An improvement of reliability of the welded structures takes place with a simul-
taneous decrease of steel intensity and is a basic direction of the development of

Fig. 6.13 Change in the
cumulative count of the AES
N with time t in the case of
high-quality (a) and
low-quality (b) welding. 1 are
hindrances from a welding arc
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science dealing with welding. The tolerance of this or another technological defect
of a welded joint can be established today regardless of the structural element
location, its stress state, number of cycles of loading alternation, residual stress, etc.
The absence of a profoundly considered differentiation of the damages of the
materials of the welded joints according to corresponding standards often causes the
premature fractures of the welded joints due to defects, while in other cases the
defects are quite groundlessly withdrawn without proper consideration. It is well
known that the defects being cut off from a component with the following welding
does not increase but rather decreases the load-carrying capability of the compo-
nent. The problem becomes more urgent taking into account the fact that about
one-third of all premature fatigue fractures of metal structures, machines, and
buildings, reservoirs, and pressure vessels, special technological equipment, etc.,
are today conditioned by the defects of welded joints [22].

In the world of engineering practice, the production of vitally important welded
structures, such as ships, multi-storied buildings, power equipment, aviation and
space objects, etc., is accompanied by the allocation of considerable financing for the
implementation of facilities and methods of non-destructive testing and diagnostics.
A fraction of these finances in some cases reaches 20–25% of the total cost of
structures, while labor intensiveness becomes almost the same as for the welding
processes [23]. The analysis of the welded structures’ failure shows that in most
cases it takes place in the near-weld area rather than along the weld. This is explained
by the fact that the weld is more durable than the base metal. Thus, the thickness of a
strengthening roll under two-sided welding is 1.8…2.2 times higher than the wall
thickness. Besides, the weld metal is micro-alloyed with a cast structure. The
structure of the near-weld area for arc, plasma, and electro-slag processes is
heterogeneous and has considerable residual stresses. Structural transformations in a
metal, and considerable plastic strains, appear due to abrupt changes of temperature
in this area. The defect at the base metal ends arising due to temperature effect and
deformations increase their volume and become dangerous [24]. Herein, a very
negative effect of hydrogen should be noted, which in the atomic state is released
into micro-cavities during the welding process, and later on having transformed into
molecular hydrogen, creates high pressures in them and, as a result, we observe high
stresses in the metal. It is the hydrogen mechanism that forms the basis of the
phenomenon of the so-called “cold cracks initiation” and propagation in the weld
metal and in the heat-affected zone [25, 26]. Thus, taking the above into account, the
specimens of structural materials made of the base metal (BM), weld metal (WM),
and fusion zone (FZ), became the object of the AE studies.

One of the peculiarities of inspecting the quality of the welded joints using the AE
method is that pre-conditions for its realization are available at different stages of the
technological process: during welding; during the formation of a joint and after
welding; and at transition of the welded joint into the equilibrium state or after
termination of this process [9]. All these stages are clearly expressed in themethods of
welding,which are related tomelting.At thefirst two stages, theAE is generated under
the action of internal stresses, while at the third stage there is an additional local action
of an external loading. Exactly then (at temperatures lower than 100 °C), deformation

246 6 Some Aspects of Applying the Acoustic Emission Method



cracks, corrosive cracks, and deformation-corrosive cracks are formed [26]. The first
type includes cracks that appear inwelds after their cooling and in the process of aging
after welding, as well as cracks that appear in a metal during tensile deformation,
compression, impact, and other types of mechanical action. The second group
includes cracks whose initiation is predetermined by the action of only one corrosive
environment without applying an external loading, and the third type of cracks
appears in a metal under a simultaneous action of an external loading and a corrosive
environment. During exploitation, the cracks that appear due to various strengths of
some elements of a structure and phases (for instance, eutectic inter-layers,
non-metallic inclusions, pores, etc.), and due to the action of external loading forces
appearing in the process of product exploitation, are effectively revealed by the AE
method. Thus, in this study we investigate the methods that use the AES testing of the
fractured welded joints caused by a quasi-static loading, i.e., the methods for esti-
mation of the static crack growth resistance of a welded joint.

The trends in the development of welding technologies are characterized by the
transition to low-alloy steels with a simultaneous reduction of the amount of metal
in structures and by an increase of reliable service life. This is confirmed by the fact
that today about 20 grades of low-alloy steels are used exclusively for building
structures, and, taking into account the quality categories, their number has
increased more than threefold [22].

At the same time, in many branches of industry, non-ferrous metals are widely
used as structural materials in manufacturing vitally important units and even whole
structures. Aluminum alloys are of special interest. Therefore, as representatives of
the above-mentioned different grades of structural materials, the steels 10XSND,
09G2S, Steel 3sp, as well as 1201-T aluminum alloy were chosen. Specimens made
of these materials were constructed with the account of three-point bending loading
or eccentric tension [27], while cylindrical specimens used for the evaluation of
mechanical characteristics of 1201-T alloy met the requirements of [28].

According to the test method, the AE signals were recorded under the loading of
specimens in a real-time scale. The relationship between the AE (amplitude,
cumulative count N of the signals, spectral characteristics) and fracture parameters
(stress intensity factor, deformation, crack length increment), and the validity of the
KE were established using the test results. Thus, the energy of the AE signals that
accompany the processes of the fracture of welded joints was estimated in order to
use the obtained results in non-destructive testing of the real products or structures.

6.5.2 Results of the AE Research of the Welded Joints
and Their Interpretation

Investigation of the AE indices of fracture of low-alloy steels and their welded
joints. Prism-like specimens of 6 × 15 × 170 mm were prepared for testing the
10XSND, 09G2S steels, Steel 3sp., their welded joints, and FZ. The chemical
composition is presented in Table 6.4. In these specimens, after mechanical
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treatment by a polishing stress, notches were cut out and then fatigue cracks were
induced. Specimens were made in such a way that in the working area, i.e., in the
net-section, there was a failure in BM, WM, and FZ. The SVR-5 [29] loading
machine that was used to apply a load differed from serial loading devices by a low
level of generation of background noises. This permitted selecting the AES at high
amplification levels and at low threshold levels in the AE channel [30].

The scheme of testing the specimens was as follows [31]: The loading forces
were transmitted from the SVR-5 equipment through an indenter to the investigated
specimen, on which the AET was mounted to its lateral surface. The force of
pressing the AET with a clamp to the lateral surface of the specimen through a
contact layer [3, 32] was 15…20 N. During loading, the diagram “load P − crack
opening v” was recorded by an X-Y recorder, while the amplitude A and cumulative
count N of the AE signals were simultaneously recorded by a fast-acting recorder
H-338/4 in real time. After pre-amplification and processing the AE signals by the
AVN-3 device, these parameters were printed on paper.

Before every experiment, a measuring channel was calibrated by the Hsu source.
The MBS-9 microscope supplied with a set of the SVR-5 equipment was used to
inspect the changes at the lateral surface of a specimen in the crack propagation
region. Taking into account the high plasticity of steels (Table 6.5) at room tem-
peratures [32] and service characteristics of a loading machine, we have chosen the
following modes of the AE selection and processing: Mode I: amplification factor
of a measuring path is equal to 74 dB, threshold level of the AE signals is equal to
0.4 V, working frequency band Δf is equal to 0.12…0.5 MHz with the transmission
coefficient of filters of low and high frequencies equal to one. The AET possesses,
accordingly, the best working characteristics in the frequency band from 0.2 to
0.5 MHz. The results of testing 10XSND steel specimens, their welded joints, and
FZ material obtained in such measurement conditions, are presented in paper [33].
Therefore, we will briefly discuss some of them.

The AE signals were recorded both for the linear area of diagram “P-v and for
the non-linear area up to the moment of the final macro-fracture stage. Their
amplitudes at the analog output of an AVN-3 device were in the range of dozens of
mV to several volts. The AE signals were most actively generated during the
testing of the specimens cut out of the welded joint metal, and then with a decrease
of amplitude, the number of events, and the cumulative count, there come

Table 6.5 Mechanical characteristics of alloys

Alloy grade σ02, MPa σb, MPa δ, % ψ, % Fb, %
a KC, MPa√m

Steel 3sp 280 430 26 55 92 56.8

09G2S 330 500 28 58 77 69.2

10XSND 400 540 24 50 97 58.3

1201-T 350 440 4.75 7.54 – 44.3
38.04b

aFb, is the fraction of a ductile component in a ruptured specimen at t = 20 °C [32]
bIs the KIC value
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the specimens cut out of BM and WM. Thus, for 10XSND steel and its welded
joints, it is shown that the value of amplitudes and intensity of the AE generation at
a sub-critical crack propagation in specimens from various welded joint areas are
sufficient to be recorded during testing of large-scale structures or the products
under static loading (expanding). Then, the industrially produced equipment of the
AVN-3, AF-15 types and others can be used. As the experimental data (Fig. 6.14;
Table 6.6) argue, there is a margin in the amplification and threshold levels; thus it
is possible to reduce the amplification and to increase the threshold level. The AE
testing and diagnostics efficiency can be substantially improved using a resonance
or narrow-band AET, as well as by using certain methodological approaches to the
selection of the AE signals under the effect of sensible background noises [34] in
real conditions of diagnostics.

Welded joints of 09G2S steel and Steel 3sp were investigated using a similar
scheme. The AES registration regime differed from the previous one by the
amplification factor, which was 84 dB, and by the threshold level, which was 0.2 V
(Regime II). The other measurement parameters, geometry of the AET location on
the specimens, and calibration of measurement path sensitivity were the same. The
shading of the area of the crack length increment was done by heating the speci-
mens in an autoclave to a temperature of 300…350 °C and by holding them at this
temperature for 600 s with the following impact rupture of the specimens after
cooling.

Fig. 6.14 Fracture diagram
“P-v” (three-point bending)
for the metal of FZ of a
welded joint of 10XSND steel
and corresponding
distribution of the AES
amplitudes A and cumulative
count N
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As seen in Fig. 6.14, to develop the criteria approaches in laboratory conditions,
it is worth recording the AE signals in the loading ranges of specimens to a certain
value in the non-linear area of the fracture diagram (points 1, 2 in Fig. 6.14). This is
confirmed by the fact that in real loading conditions under large plastic deforma-
tions, the defects in ductile steel structures are easily revealed visually, and in this
case the macro-crack opening attains considerable value.

Specimens of 09G2S steel and Steel 3sp were loaded until a plasticity area on the
diagram P-v appeared; then they were unloaded, and the value of the fatigue
macro-crack length increment was calculated, as stated above (Table 6.6). The test
results confirm the following: The energy level of signals that accompany the
processes of initiation and propagation of micro- and macro-cracks for three grades
of steels is the lowest for Steel 3sp. After that, according to an increase of this index
and AE activity, come steels 09G2S and 10XSND steels. Concerning the welded
joint areas, all grades of steels prove the above regularity of ordering for 10XSND
steel: FZ, BM and WM. Besides, for materials of all the welded joint zones, the KE
is satisfied [33, 35].

Estimation of peculiarities of generation of the AE signals due to fracture
processes in welded joints of 1201-T aluminum alloy. Investigations were carried
out in two stages: In the first stage, the BM mechanical characteristics were cal-
culated [28], and simultaneously the AE that accompanies the processes of plastic
deformation, macro-crack initiation and propagation was recorded. For this pur-
pose, cylindrical specimens with a diameter of 4 mm were prepared. They had a
thick part in front of a threaded part on both sides, where flats were made for
mounting the AET [36].

Before each test, specimens were subjected to molding in a special conductor
according to the method presented in [37] for removing the non-informing AES
emitted from the grips area during loading. Loading forces exceeded the admissible
level by 50…80%. After that, the experiments were conducted. A tensile-testing
machine of the FPZ-100/1 model with the speed of traverse movement of 0.02…
0.84 mm/min was used as a force-inducing device. The AE chain of selecting,
processing and recording the AES was built, based on the AE MISTRAS—2001
system produced by PAC (USA), to which analog signals from the strain gauge force
dynamometer from the machine FPZ-100/1 were transmitted, together with the
displacement gauge for measuring the value of the specimen elongation or crack
faces opening (depending on the type of the specimens tested). Simultaneously,
signals from the AET with a working frequency band with linear
amplitude-frequency characteristics within the range of 0.1…1.2 MHz were trans-
mitted to the AE chain through a preamplifier. The preamplifier amplified the AES
by 40 dB in the path band of 0.02…1.2 MHz, while the threshold level of the AES
was 45 dB. The following AES parameters were obtained in this mode of selection
and processing (Mode III): time rising to the maximum of the forward front of a
signal τ1, duration of the AE signal above the threshold level τ2, amplitude, number
of pulses N, energy G. Furthermore, the measuring system made it possible to
receive spectral characteristics of the AE signals from their waveforms.
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In the second stage, the AE characteristics of fracture processes in materials of
1201-T alloy weld were investigated on 79 × 79 × 7 mm compact specimens,
which were manufactured according to standards and typical ratios of geometrical
sizes, given in [27]. Welded joints were made by means of electron-beam welding.
Figure 6.15 shows a typical diagram of tension and distribution of AES arising in a
cylindrical specimen, and Fig. 6.16 presents spectral characteristics for points 1 and
2 of this diagram. From the last figure, it is seen that the AES amplitudes that arise
during the process of macro-crack initiation and accompany the appearance of
cracks in various inclusions in a material [36] at initial stages of a stress-strain
diagram, are of slight magnitude (measured in mV). The main activity of the AES is
concentrated in the range of the relative elongation δ change of a specimen within
the limits of 0.1…0.4%.

The generation of the AE signals of the BM of 1201-T alloy is lower in com-
parison with the AE amplitudes of steels during macro-crack growth. With the
growth of σ, the spectra of signals (Fig. 6.16) tend to narrow, and dominant fre-
quencies of signals are shifted towards the low frequency values, which concurs
with the results of [38]. Figure 6.17 shows the fracture diagram P-v of a WM of a
welded joint of 1201-T alloy and the corresponding distribution of AES during
sub-critical crack propagation, where AE signals are of a specific character. A slight
amount of the AES of large amplitudes is observed, which confirms a jump-like
propagation of the macro-crack and the absence of the AES of small amplitudes.
This means that the mechanism of sub-critical macro-crack growth is quite brittle,
and its diagnostics requires an accurate interpretation of the AES taking into
account the initiation and the development of micro- and macro-cracks. The
characteristic spectra of the AES in various areas of a fracture diagram confirm the
above-described tendency of the change in a spectrum width and in dominant
frequencies of AE.

Fig. 6.15 Stress-strain
diagram σ-δ of a smooth
cylindrical 1201-T alloy
specimen and the dependence
of a cumulative count N and
signal amplitudes A on the
strain δ of a specimen
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Thus, experimental AES investigation of fatigue crack growth resistance of
welded joints of low-alloyed steels 10XSND, 09G2S steel and Steel 3sp, as well as
of 1201-T aluminum alloy, being the most widespread materials, showed that
quantitative indices of the AE events, cumulative count, and the
amplitude-frequency characteristics of the AES are specific for every type of
material and for particular areas of the welded joints, which enables making a
complex evaluation of the mechanisms of generation of the AE signals at the stages
of plastic deformation development and the beginning of sub-critical macro-crack
propagation. Using the AES spectral analysis, it is necessary to preliminarily
achieve the best reproduction of a waveform of every AE event with the account of
reflection, damping, and resonance peculiarities of the tested material of a product
or of a structural element.

Fig. 6.16 The AES waveforms and their spectral characteristics at point 1 (a and b, respectively)
and at point 2 (c, d) of stress-strain diagram (Fig. 6.15) of cylindrical 1201-T alloy specimens with
the following indices of measuring modes: sampling frequency of the AE signal—4 MHz,
sampling number—1024, threshold level—0.178 mV; a τ1 = 21 μs, τ2 = 152 μs, N = 15,
G = 2 μJ; c τ1 = 1 μs, τ2 = 1 μs, N = 1, G ≈ 0
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6.6 Selective On-Line AE Hydraulic Testing of an Oil
Storage Reservoir

The purpose of the AE testing of a reservoir with a capacity of 75,000 m3 is to
reveal, on-line, the initiation and propagation of the crack-like defects and to
evaluate the degree of their danger during hydraulic testing. To record the AES, a
two-channel AE system “AKEM” (a programmable-technological complex) was
used that permitted estimating the IO state by certain AE criteria. The system is
mobile and provides on-line processing of the recorded information and its corre-
sponding representation after termination of AE tests. Its characteristics are:

• Working band of frequencies—100…2000 kHz;
• Non-uniformity of amplitude-frequency characteristics of the amplification path

– within the frequency band—not larger than ±3 dB;

• Damping of the AE signal outside the working range during the change of
threshold

– frequencies—not less than 30 dB per octave;

• Input resistance of preamplifier—1 MΩ;
• Input sensitivity—not less than 10 μV;
• Dynamic range of amplification—40…72 dB;
• Cut-off band of high-frequency filter—9 kHz;
• Effective voltage of the noise in an amplifying path—not higher than 8 μV;
• Amplification factor of an amplifying path—not less than 60 dB; and
• Amplitude dynamic range of an amplifying path—not less than 50 dB.

A set of devices and equipment that are used for AE testing included the AET
with the devices for their installation on IO and materials for providing the acoustic

Fig. 6.17 Dependence P-
v for the eccentric tension of
compact specimens of a
welded joint WM made of
1201-T aluminum alloy and
the change in indices of the
cumulative count N and
amplitudes A of the AES that
accompany the fracture
processes
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coupling, imitators of the AE signals, and a corresponding software. A chart of a
programmable-technological complex “AKEM” used for nondestructive testing of a
reservoir is presented in Fig. 6.18.

For research purposes, the AET with the working frequency band of 100…
1200 kHz were used. They were mounted directly on IO by magnetic holders. The
amplitude-frequency characteristics of the AET are shown in Fig. 6.19.

Chemical non-aggressive “Ramzay” oil was used as an acoustic contact envi-
ronment for the AET, which provided an effective acoustic coupling of AET with
an IO. In the place where the AET was mounted, the material surface was subjected
to mechanical treatment.

6.6.1 Some Methodological Features of AE Testing
of a Reservoir

Taking into account the preliminary inspections of a reservoir by means of other
non-destructive test methods, a method for on-line exclusive AE testing of the most
dangerous parts of an IO liable to fracture was developed. Calculations and the
available experience of the AE testing on other objects showed that in this case,
these dangerous places are near-bottom joints of a shell and the location of welding
of flanges, stripping hatches, etc., which is why the AET were mounted on the IO as
close as possible to the indicated places for inspection.

Fig. 6.18 A chart of a programmable-technological AE-complex “AKEM”: I is AES amplifi-
cation path; II is a former; III is a port of data in-out; IV is a computer; 1 is an AET; 2 is an emitter
follower, 3 is a preamplifier; 4 is a high-frequency filter; 5 is an amplifier; 6 is a detector; 7 is a
low-frequency filter; 8 is an output amplifier; 9 is a generator of 10 MHz; 10 are counters; 11 is a
DAC; 12 is a status controller; 13 is an address decoder; 14 is a 16-bit output; 15 is a data buffer;
16, 17, 19, 20, 22, 23 are units of logical control; 18 is a 16-bit input; 21 is an ADC; 24 is an
amplifier; and 25 is a personal computer bus
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Taking into account the overall size of a reservoir according to State Standard
4227-2003, it was decided to carry out multi-channel AE testing. During the testing
of four channels of the AE system, “AKEM” was used. Before beginning the
measurements, according to the requirements of a Standard of the European
working group and the requirements of the National Standards of Ukraine, cali-
bration of the sensitivity of the AE path of all channels was performed using the
Hsu source. Calibrated in such a way, the channels of AE device were adjusted to
the same sensitivity as the elastic vibrations received from the sites of initiation and
propagation of crack-like defects (Fig. 6.20).

Proceeding from the above, during hydraulic tests with a simultaneous filling of
the external and internal casings of a reservoir, the AET were located on the
opposite sides of a structure at the +1.7 m mark on the external casing, as is shown
in Fig. 6.21.

In hydraulic testing of the reservoir internal casings, the AET were placed on the
internal case of the reservoir according to the chart in Fig. 6.22. In all types of
testing, the AE device was located outside the reservoir protective area, in accor-
dance with the accident prevention regularities.

The AES were recorded by four channels during the growth of reservoir loading,
and the load was kept at specific levels for an IO for 15 min with technological

Fig. 6.19 Amplitude-frequency characteristics of the AET used in the AE testing

Fig. 6.20 Dependence of the
change in amplitudes of AE
elastic waves on the distance
of AE generation by a Hsu
source
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interruptions for 4 min. The AE information recording was realized as a continuous
monitoring of an object. When the filling of a reservoir with water stopped, the time
of the AES recording was 5…6 h.

The external reservoir was filled according to the schedule of testing
(Fig. 6.23a), and the internal reservoir—according to the plot in Fig. 6.23b.

The AE criteria taken into consideration during the reservoir testing were as
follows: a rapid growth of cumulative count of pulses, their amplitudes, total
energy, or the energy that confirms the accelerated growth of defects that caused a
fracture. If the parameters of one of the criteria reached a critical magnitude, then a
stop of the technological process of reservoir filling was provided in order to
investigate the nature of the AE source and estimate the possible danger of further
testing.

Fig. 6.21 A chart of the AET location during hydraulic testing of the reservoir external casing

Fig. 6.22 The AET location during hydraulic testing of the reservoir internal casing
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6.6.2 Criteria for Classifying AE Sources

The coefficient Kp for determining the AE signals caused by cracks characterizes
the degree of the energy density change in the recorded AE signal and is used for
revealing the crack-induced signals. The following formula is used for evaluation:

Kpj ¼ lg Ecj=s
2
j

� �
þBþC; ð6:20Þ

where: Ecj is the energy caused by the j-th recorded AE signal; τj is the duration of
the recorded AE signal; B is the correction factor for the device sensitivity; and C is
the correction factor for a threshold of the amplitude level. Coefficients B and C are
determined using the known methods.

The danger of cracking in the material of a structure under loading is evaluated
using the analysis of the kinetics of the AE development, including the analysis of
common data obtained at the stages of holding the structure under loading. To
compare and generalize the results regardless of dimension the analyzed parame-
ters are normalized to unit:

�EH ¼ f ð�PÞ; ð6:21Þ

where �EH ¼ Ei=Eimax; �P ¼ Pi=Pimax; Ei is the energy accumulation of the AE
signals while holding a specimen under loading in the selected time interval; Pi is
the load of the structure investigated; Eimax is the maximal value of the energy
accumulation of the AE signals while holding a specimen under loading in the
selected time intervals; Pimax is the maximal load of a structure during testings. The
experimental data are analyzed with approximation as described above, using the
equation

�EH ¼ a�Pb; at ti ¼ const; ð6:22Þ

Fig. 6.23 Plot of hydraulic testing of external (a) and internal (b) reservoirs
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where a, b are the constants. The absolute value of the power index b < 3 proves
that the defects that develop in the material of a structure are not dangerous in this
case.

Classification of the AE sources by the degree of their danger. Additionally, the
results of AE testing can be represented as a list of the recorded AE sources that
belong to a certain group depending on the value of the AE parameters. Such
evaluation is done for every AE source, while the state of the investigated structure
is evaluated by the AE sources of a certain type. The choice of a particular system
of the AE source classification and the criteria for assessing the state of an object
depends on the mechanical properties of the material of an IO. The classification
system and the assessment criteria of the structures’ state are chosen using the
classification systems, and the criteria for assessing the state of a structure of IO
state are given below.

The admissible level of the AE source generation in a fracture is established
while preparing a particular structure for AE diagnostics in accordance with
existing methods. The AE sources are classified by the following AES parameters:
cumulative count, number of pulses, amplitude or amplitude distribution, energy or
energy parameter, count rate, activity, and concentration of the AE sources. The
system of classification also includes the parameters of loading the tested structure
as well as time parameters.

By analogy with approaches [12, 13], the revealed AE sources were divided into
four groups: Group I—passive; II—active; III—critically active; IV—catastrophi-
cally active. The choice of the classification system of the AE sources and of a
possible level (group) of sources is performed each time during AE diagnostics of a
particular structure. Every superior group number of the AE source requires a
fulfillment of all actions stated for the sources of an inferior group number. A final
assessment of admissible AE sources, while applying additional types of
non-destructive testing is performed, with the use of defect parameters found by
linear fracture mechanics methods, strength calculation methods and other operat-
ing standards.

Amplitude criterion. An average amplitude Aav of at least three pulses with the
individual amplitude Ac is determined for each AE source for the selected obser-
vation period. The amplitude is corrected, taking into account the AES damping
during their propagation in a material.

The maximum value of an admissible amplitude At was determined in the pre-
vious experiments:

At ¼ B1 � Uth þB2 � Ac; ð6:23Þ

where Uth is the threshold value of amplitude level; Ac is the value of the AE signal
exceeding the threshold value that corresponds to the crack growth in a material;
and B1 and B2 are the coefficients determined within the range of 0…1 from
preliminary experiments.

The sources are classified as follows: Group I includes a source for which the
average amplitude of pulses was not calculated (less than three pulses are obtained
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during the observation interval); Group II—the inequality Aav < At is satisfied;
Group III—the inequality Aav > At is satisfied; and Group IV—a source that
includes at least three recorded pulses, for which the inequality Aav ≫ A is satisfied.

Specific values of At, B1, and B2 depend on the material of a structure and are
determined in the preliminary experiments.

Integral criterion. For every area, the activity F of the sources of AE signals is
calculated using the following expression:

F ¼ 1
K

Xk
k¼1

Nkþ 1

Nk
; ð6:24Þ

where

Nkþ 1

Nk
¼ 1 at Nk ¼ 0 i Nkþ 1 [ 0

0 at Nk [ 0 i Nkþ 1 ¼ 0

�
; k ¼ 1; 2; . . .;K: ð6:25Þ

Here, Nk is the number of events throughout the k-th interval of parameter
estimation; Nk+1 is the number of events throughout the k + 1-th interval of
parameter estimation; k is the number of intervals of parameter estimation. The
observation interval is divided into k intervals of parameter estimation. Estimation
of the criterion was done taking into account the dependencies: F ≪1, F = 1 and
F > 1.

Throughout each recording interval, a relative force Jk of the AE source was
determined as follows:

Jk ¼ AK

,
W

XK

k¼1
Ak; ð6:26Þ

where Ak is the average amplitude of the source throughout the interval k; AK is the
average amplitude of all AE sources throughout whole object except for that
analyzed for interval k, and W is the coefficient determined in the preliminary
experiments.

Local-dynamic criterion. To estimate this criterion in real time, the following AE
parameters were used: Ni+1 is the number of AE pulses in the successive event and
Ni is the number of pulses in the preceding event, or: Ei+1 is the energy of the
successive AE event and Ei is the energy of the preceding AE event.

The parameter U2, which is the square of AES amplitude, can be used instead of
energy. For every event, the values Wi+1 and Vi+1 are calculated using the following
expressions: Wi+1 = Ni+1/Ni, or Wi+1 = Ei+1/Ei,

Viþ 1 ¼ 1þ Piþ 1 � Pi

Piþ 1

� �4

�1; ð6:27Þ
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where Pi+1 is the external parameter value at the moment of the successive event
recording (if time is used as a parameter, then it is an interval of time from the
beginning of an observation interval); Pi is the external parameter value at the
moment of the preceding event recording (if time is used as a parameter, then it is
an interval of time from the beginning of an observation interval). Sources were
classified as follows: Group I—Wi+1 ≤ VI+1; Group II—Wi+1 = Vi+1; Group III—
Wi+1 > Vi+1; Group IV—Wi+1 ≫ Vi+1. During testings, an on-line recording of
information and processing of the AE data were done. After NDT of an object, data
were analyzed and processed by a personal computer that was included in the AE
testing system.

6.6.3 Results of the AE Testing and Their Interpretation

During hydraulic testing in the first and the second stages (external and internal
reservoirs), a moment of abrupt increase of the AES amplitude was recorded. Using
technical means, a criterion was evaluated that indicated the appearance of fracture
in the place of a stripping hatch welding. Having adopted certain decisions, agents
of corresponding services made a visual observation of the indicated place of the
AES generation. As a result, the defect was detected, which after testing by other
NDT methods caused the halt of the process of filling the reservoir with water and
hatch replacement.

After that, according to the schedule of the reservoir filling with water, the AE
testing was continued. At a mark of +13.94 m, the AES were within the limits of the
background level. During the subsequent reservoir filling above the mark +13.95 m,
the AE intensity increase was recorded (Fig. 6.24a, b). This process was observed up
to the mark of +13.97 m of the reservoir filling (Fig. 6.24c, d). The recorded increase
of the AE intensity lasted 45 min. After the water supply was stopped, additional
inspections and corresponding consultations permitted ascertaining that this increase
was caused by an abrupt increase in the water supply rate to the reservoir (to
1000 m3/h), which affected the background level of the AE signals. When the rate of
the water supply decreased to the previous level (500 m3/h), the recorded AE signals
were within the limits of the previous safe background level.

During an internal filling of the reservoir with water, the AES that did not exceed
the background level were observed. The processing of the AES using the estab-
lished criteria showed that they belong to the Group I sources, i.e., passive ones,
which under continuous monitoring did not show a tendency towards defect
development, although at certain moments, a single, non-dangerous growth of the
AES intensity was recorded. At the +17.62 and +18.39 m marks, the AES were also
recorded with somewhat higher energy and were classified as Group II sources.

The results of processing the AE signals of higher intensity using the integral
and local-dynamic criteria are presented in Table 6.7.

Thus, the results of the AE tests showed that the growth of the intensity of AE
signals at certain moments of loading was caused by the following technological
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factors: the presence of cracks propagating under loading, an increase in the rate of
water supply, and stress relaxation in the reservoir walls. In the material that was
not likely to fail, the AES parameters did not exceed the background level at all
stages of loading.

Fig. 6.24 Time variation of the factor Kp (a, b) and the AES energy (c, d) during reservoir filling
from the +13.94 to +13.95 m mark (a, b) and from the +13.95 to +13.96 m mark (c, d)

Table 6.7 Classification of the recorded AE sources

Period of AE
signals
recording

Number of sources by groups

Integral criterion
(W = 0.1)

Integral criterion
(W = 0.01)

Local-dynamic
criterion

I II III IV I II III IV I II III IV

External
reservoir

0 10 4 0 6 8 0 0 3 2 8 0

Internal
reservoir 20–
24 days

0 9 0 0 2 7 0 0 0 1 0 0

24–27 days 0 41 0 0 12 29 0 0 – – – –

27–29 days 0 31 0 0 11 20 0 0 – – – –

29–33 days 0 0 0 0 0 0 0 0 0 0 0 0
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6.7 AE Testing and Diagnostics of Building Structures

The earliest information on the efficiency of using the AE method for industrial
inspection and diagnostics of building structures in operation appeared in the late
1960s [39–42]. The method was intensively developed and improved, which is
evidenced in the papers that were published. According to the data [43], already in
the USA in the 1970s, the national standards for inspection and NDT of bridges
using the AES were developed and have been widely used ever since. These
standards require inspecting bridges at least once every two years. Earlier, the
visualization of defects of foundations and elements of their lower constructions
was performed using submarine cameras. However, it was not always possible to
reveal the cracks. Therefore, in such cases, even slight defects caused the failure of
bridges. For example, a 3 mm-long crack caused a catastrophe at the Pleasant
Bridge; the Silver Bridge failed because of a defect of less than 4 mm, and the
Mello-Mild Bridge failed due to the presence of fatigue cracks after 12 years of use.

For reinforced concrete bridges of large weight and rigidity, there is only a slight
probability of the appearance of irreversible damages due to the presence of fatigue
cracks. In such structures, corrosion of a preliminarily stressed reinforcement turns
out to be more dangerous. Besides, it is much more difficult to detect defects in
reinforced concrete. Proceedings from the above-discussed, now- effective NDT
methods are being intensively developed all over the world, and these methods are
based on various approaches. However, the methods that use the AE phenomenon
are preferable. For example, in Japan in the 1970s, the integrity of old and new
railway bridges, local railways, runways, impacting equipment and hoisting cranes
began to be checked using these methods [44]. In particular, a four-year AE
checking of the runways in airports showed that there is a correlation between the
processes of crack propagation, loading, and AES. In [45], the AE and
micro-seismic research into the estimation of the methods for testing the growth of
damage in the coatings of the same runways is described. The data collected
enabled comparing the accuracy of the methods of the AE sources’ location, i.e.,
time-related, zonal, and impact-successive. It has been shown that the last two
methods are potentially more accurate than a time-related method. In practice, they
provide a satisfactory accuracy of the active areas’ location, and it is noted that in
the conditions of high damping, an impact-successive method provides the best
accuracy. Gradually, the AE method gained more and more recognition, and
already in July 1979, information on more than 100 industrial inspections of various
structures (bridges, cranes, etc.) with the use of the AE phenomenon was published
[46]. About 20 of these structures were at the stage of being assembled, 90 were in
the process of current operation, and more than 10 objects were inspected in
in-service conditions.

A wide application of reinforced structures in transport building, especially for
building bridges, requires corresponding NDT facilities both in the process of work
execution and during exploitation. A detailed analysis of the failures of reinforced
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concrete bridges shows that in the process of construction, a principal cause of
failure is the violation of the regularities and technologies of the work performed,
while in exploitation there are cracks in structures, primarily due to the action of
corrosion of products of a pre-stressed reinforcement. Therefore, alongside tradi-
tional methods of NDT of reinforced concrete products, the AE method has also
been more widely used lately. Such studies are actual today, which is evidenced by
publications in scientific literature. In particular, in [47] the authors showed that in
the process of bridge exploitation under dynamic loading, background noise is
formed causing a distortion in the AES frequency spectrum. Analytical depen-
dencies are presented therein for obtaining a formula for the calculation of the
maximal size of the bridge tested area as well as a method that is described for
selecting the optimum working frequency band of AE equipment when distortions
of the AES spectrum are minimal.

The paper presents the results of the calculation of normalized AES spectra in
three characteristic regions of a metal bridge: 1—with a fatigue crack; 2—unfit
riveted joint; 3—non-damaged structural element. The spectra differ both by the
level of power and by the shape that can serve as a criterion for characteristics of
damages in bridges. In paper [48], the use of the AES spectral analysis is considered
to be a reliable method of corrosion cracking and crack propagation detection. Here,
the information on the methods of the AES processing based on the application of
the fast Fourier transform, as well as the charts of the design of an automated AE
diagnostics system are presented. The efficiency of this approach is evidenced by
the results obtained in [49], and by the AE testing of reinforced concrete bridge
structures. The results of the AE inspection of 36 railway bridges are also described
in [50], where some suggestions for the improvement of the AE test procedure and
data processing are presented.

The results of experimental studies on the relationship between the AE param-
eters and cracks in the elements of reinforced concrete bridges under loading and
under the action of corrosion products are discussed in [51]. Experimental data on
the determination of noises in a reinforced concrete bridge in the conditions of
intensive motion of electric vehicles are also discussed. Their classification is given,
and the physical processes of initiation and methods of AES extraction from them
are considered. The experiments were conducted using the AE analyzers of the
AVN-1M and AVN-3 type.

Using a movable multi-channel laboratory for the AE diagnostics, an inspection
of the Crimean, Velyko Kamianyi, and Velyko Ustynivskyj bridges, and a metro
bridge in Luzhnyky was carried out [52]. The inspection was done in order to assess
a bearing strength of structures and their lifespans, to detect potentially dangerous
defects, the uniformity of distribution of stresses on bearing units and elements, to
predict crack growth resistance of materials, and to study the effect of climatic and
other factors on the dynamics of load redistribution. The analysis of the dynamics
of the development of AE generation processes in real time and a correlation
analysis of distribution permitted, in accordance with the developed criteria,
detecting the highly dangerous areas, to localize the areas with defects, and to
estimate the local stress state in bearing elements. In paper [53], the authors based
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on the laboratory research on fracture of a concrete with plasticizer additives
elaborated, a method which, they believe, can be used to estimate the quality of a
roadbed.

In the 1970s, investigations aimed at using the AE method for assessing the
integrity of beam-and-girder constructions began in the U.K. [54]. They were ini-
tiated by the Committee for Construction, following the failures of these structures
made of a pre-stressed concrete. The NDT of these products by conventional
methods did not yield satisfactory results, and the AE method, in the authors’
opinion, was most effective for this purpose. This statement was scientifically
grounded in paper [55], presenting the results of the experiments on pre-stressed
pressure vessels made of concrete and on casings of nuclear reactors in the USA by
AE inspection and NDT. The AE phenomenon was used together with radiographic
and ultrasonic NDT techniques.

Cracks are formed in large-panel-bearing elements of buildings in the process of
their manufacture, transportation, stocking, and mounting. These cracks are mainly
from temperature shrink and a force-induced nature. Force-induced cracks are very
dangerous for structure operation because they propagate due to the applied loads,
considerably violate the conditions of structure exploitation, create emergencies,
and lower the reliability and lifespans of buildings. To estimate the effect of cracks
on the strength-bearing of a structure, it is necessary to determine not only their
origination but also the character of their development under loading. Therefore, in
this case, the AE method turns out to be very efficient for determining the degree of
danger of force-induced cracking in structures. On the other hand, to arrive at a
well-grounded conclusion about the state of a cracking structure, it is necessary to
observe the structure for a long period of time, and to collect and analyze statistical
data on the crack propagation dynamics and crack parameters during the early years
of object exploitation.

In [56], the crack initiation in bearing structures was inspected in the following
way: In a structure with cracks, and in a similar one without cracks, both of which
were subjected to identical loading (on the same floor of a building), the number of
AE pulses was recorded at a discrete increase of a load due to the assembling of the
next floor structures. Using the results of AE testing in the structures with defects
and in those free of defects during an increase of the load up to the calculated value,
empiric dependencies of the number of AE pulses on the level of a load were built,
as well as time series of the number of pulses for all the values of the second. The
results of testing the state of bearing wall panels having force-induced cracks,
testified to an available discrepancy between the designed operation conditions of
structures and their real service conditions. It was shown that an increase of the
rigidity of buildings with the growth of the number of stories, obviously, resulted in
a considerable and more uniform redistribution of forces and slowed down the
propagation of cracks. Therefore, structure-strengthening measures were not always
justified. This was proved by the results of durable AE observations of cracks
during the first two years of exploitation that showed the invariability of crack
parameters. As a result of the AE research, the method of estimation of crack
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formation in reinforced concrete structures using the AES was developed and put
into practice.

The AES in mountain rocks during cement solution pressurization into a dam
was analyzed in paper [57], where highly promising economic capabilities of the
AE method for diagnosing the state of such buildings were confirmed. A similar
result was obtained by the authors [58], where a possibility of applying the AE for
inspection of the bearing strength of frozen foundations during their defrosting was
considered. The method for laboratory and field testing was described, and the test
results were presented. The possibilities of integrating various diagnostic systems
were considered as well.

The problem of utilizing the AE phenomenon for estimating the displacement of
soils and for the development of displacement prevention measures was compre-
hensively discussed in [59]. The results of both laboratory and field studies were
presented. The pertinent data of such experimental testing published by scientists
from many countries were analyzed, and the positive results showed good prospects
for using the AE method, its high resolution and information capacity, and its
advantages as a technique for predicting of the state of the objects tested, such as
buildings and structures.

6.8 The AE Inspection of Bridges in Ukraine

Bridges form only a minor part of the total length of transport communications, but
their technical condition affects the transportation safety to a great extent. This is
conditioned by the fact that bridges concentrate traffic and it is more difficult to
provide their reliable and durable operation compared to roads, because they are
more complicated engineering structures and are subjected to the action of various
loadings and effects [60]. Apart from the action of transport loading and their own
weight, span bridge structures are subjected to dynamic wind effects and longitu-
dinal loadings during the braking or acceleration of vehicles, etc. Bridge footings
are also subjected to an additional pressure of ice, the impacts of floating materials,
and in earthquake-prone regions.

There is a wide network of motor roads and railways in Ukraine; it includes
16,300 road-transport national and 358 km long local bridges, 4082 communal
bridges that are 184.8 km long, and 8050 railway bridges that are 210.4 km in
length [61]. Many bridges that have damage and defects are in use in Ukraine. Data
of large-scale inspections of the bridges carried out by various organizations in the
1980s stated that [62, 63] bearing structures mainly contain the following defects:
fracture of protective coatings and corrosion of steel bridges—41% of the inspected
bridges; splitting off, cavities, and cracks in a concrete—65%; corrosion of rein-
forcement—40%; and carbonization of a concrete protective layer—60%. The
actual lifespan of reinforced concrete bridge structures is 25…30 years, at which
point the necessary expensive repair work does not promote the potential properties
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of reinforced concrete as a material [64]. The principal causes of this are the
corrosion of reinforcement and concrete.

Bridge constructions have a tendency to brittle fracture, i.e., to fracture by
propagation of crack-like defects. The fracture process in such materials is not
immediate because some time passes from the moment of crack initiation to the
beginning of reaching its critical value. Therefore, the early detection of such
defects and estimation of sub-critical crack growth stages is an important scientific
and technological problem. It is difficult to detect a considerable part of defects in
bridges because their metallic elements are covered with paint, the reinforcement is
inside the concrete in reinforced concrete structures, and crack initiation and
propagation often occur inside the material. Thus the problem of providing a
reliable and long-term exploitation of bridges becomes more and more urgent
because the ages of the bridges increase, the weight, intensity of motion and
dynamic effects on the bridge structures grow, and the aggressiveness of the
environment increases. The growing complications in providing a reliable and
durable exploitation of bridges require new approaches to their technical diagnosing
[65].

To estimate a macro-crack initiation in bridge structures by means of the AE
method, an approach proposed in [66] is used. It consists of using the estimation
criterion Kpj which is based on the rate of the recorded variation of the AES energy
density.

Kpj ¼ lg Ej=s
2
j

� �
; ð6:28Þ

where

Ej is the j�thAES energy; sj is its duration:

In order to digitally process the AES, expression (6.28) was transformed into:

Kpj ¼ lg
Xn
i¼1

ðAjiÞ2=LE2
j

" #
þ lgðDU2=DtÞ; ð6:29Þ

where Δt is the time interval of the AES sampling (Δt = const); Aji is the number of
bits of an analog-digital converter for the i-th sampling of the j-th AES amplitude;
n is the number of amplitude counts for the j-th AES; and LEj is the j-th AES
duration (LEj = n).

If the sensitivity of the AE equipment ΔU and sampling frequencies of the input
signal are set, the second part of equation (6.29) becomes constant B, that is

Kpj ¼ lg
Xn
i¼1

ðAjiÞ2=LE2
j

" #
þB: ð6:30Þ
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The AE inspection of the bridge across the Western Bug River. An object under
investigation was the bridge roadway near the village of Yahodyn in the Volyn
Oblast. The bridge was built in 1953–1954 from metallic structures taken from the
demountable bridge built in the 1930s. The bridge is of a split-type with three
spans, and its cross-section consists of two girders according to a 3 × 62 m
scheme. The size of the bridge roadway is G-7.0 + 2 × 1.55 m. Metallic girders are
riveted with parallel bridge booms with a carriageway on the bottom and triangular
grillwork. The distance between the axes of girders is 8.65 m, and top and bottom
booms are of an H-like cross-section. Diagonal webs are of an assembled,
double-T, through and grated type. The assembled buckstays are also of a box-like
cross-section, and there are horizontal crossing connections in the plane of the top
and bottom bridge booms. The bridge roadway is made of monolithic reinforced
concrete arranged on metallic sections. It lies on a beam cage made of cross-beams
of variable cross-sections that are fastened to the girder joints, and longitudinal
double—T beams fastened to the supports of cross beams. The coating of the bridge
roadway is asphalt-concrete, without coating on the sidewalks. Bridge supports
made of concrete are massive and are located on reinforced concrete hanging piles.
Unmovable supports are made of metal with top and bottom equalizers and a
cylinder hinge between them, while movable supports are metallic roll bearings.

The span structures of the bridge were subjected to static and dynamic loadings.
All three spans were loaded alternately by trailer trucks weighing from 200 to 380
kN each. The “AKEM” programming complex recorded the AES.

Static loading was applied as follows: Trailer trucks drove successively to the
roadway of every bridge span (Fig. 6.25) and then stopped. The trucks weighed
200…380 kN, and there were a maximum of eight trucks on the span roadway.
After the arrival and stopping of every truck, the AES were recorded and processed.
At the same time, the bending of girders in the middle of a span was measured with
a deflectometer, while strains of the most stressed girder elements were measured
with electromechanical strain gauges.

The AE data were recorded for 45…120 s, and the AET was mounted in the
region of maximum tensile stresses (a middle part of the span; see Fig. 6.26).
Bridge spans were numbered, beginning in Ukranian territory. Before mounting the
AETs on a bearing beam and a stiffening rib, they were cleaned of paint and rust;
the diameter of the cleaned surface area was about 20 mm. After applying an
acoustic transparent contact layer, the AETs were pressed to the metal surface by
clamps.

Fig. 6.25 Static loading on the bridge span
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While testing all bridge spans, AET No. 2 was located on the waveguide placed
directly in the concrete. The waveguide was made from a reinforced rod of 8 mm in
diameter and 150 mm long. On one of the edges of the waveguide, parallel to its
axis, the flat of a depth of 4…3 mm was made in order to mount the AET. The
waveguide was inserted into a hole (7 mm in diameter, 10–15 mm deep), which
was drilled into the concrete. The AET was mounted on the waveguide with ten-
sion, and two channels were simultaneously recording and processing the AES.

During the first kind of dynamic test, one truck with a fixed weight was driven at
a constant speed of 5, 10, 20, and 40 km/h along each bridge span. The recording
and processing of AES began at the moment the trailer truck arrived at a span, and
ended when it drove away from the bridge span. During the second kind of dynamic
test, the truck crossed a barrier placed in the central part of the bridge span. The
weight of the truck was fixed, and the speed was the same as for the first type.
A 10 cm. thick wooden square beam was used as a barrier.

The criteria estimation of the detected AE signals caused by cracks was per-
formed in accordance with a crack evaluation by the Kp factor. For instance, at the
first, second, and fourth loading degrees of span 0–1 with one, two, and three
trucks, respectively, crack propagation was not detected. The AES caused by cracks
were recorded only at the fourth stage of loading (four trucks). The analysis of the
recorded AES parameters (amplitude, energy, duration) shows that they are of low
magnitude, which testifies to the stabilization of the development of
micro-processes in the material of a structure. Further testing of the bridge using the
AE method showed that under service loadings, no defects whose growth would
endanger the span structures appeared [65].

The AE inspection of the road-transport bridge across the Pivdennyi Buh River
[67]. A bridge is located near the village of Lupolove on the Kiev-Odessa highway.
The span structure of the bridge is made of non-cut steel iron concrete, made
according to the scheme (32.9 + 43.3 + 43.3 + 32.9 m), and it consists of six main
metallic beams joined by a monolithic reinforced concrete plate of the bridge
roadway and constraints. The width clearance of the bridge includes a 3-meter
dividing strip, a 7.5 m wide dual roadway, 2 m thick safety bands, and a 0.78 m
wide sidewalk. The total bridge width is 14.14–153.3 m long, and a facade-building

Fig. 6.26 Location of the AET under the loading of span 0–1 (a) and spans 1–2 and 2–3 (b): 1 is
AET No. 1; 2 is AET No. 2; 3 is a waveguide; 4 is a lower girder boom; 5 is a reinforced concrete
plate of the bridge roadway
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height is 2.1 m. There are tower-shaped intermediate supports made of reinforced
concrete (Fig. 6.27).

The bridge span structure was subjected to static and dynamic loadings. Trucks
weighing 250 kN each were used as a test load. AE signals were recorded and
processed by means of an “AKEM” programming complex [66]. The aim of the
research was to detect the AE sources related to the defects that are active under
static and dynamic loadings of bridge structures, as well as to reveal the regularities
of the AE process.

A maximal bending moment was formed in a span 3–4, and the AET was placed
on the rib of the upright dual-T metallic beam (Fig. 6.28b) in accordance with the
loading Mode 1. The following two modes (Nos. 2 and 3) enabled creating maximal
forces in the reinforced concrete cantilever of a roadway plate, and the AET was
mounted on the concrete (Fig. 6.28c). Before placing the AET on the metal, the
paint was cleaned from its surface; after this, a layer of “Ramzay”
acoustic-transparent filler was applied and the AET was pressed to the surface by
clamps. The AET was pressed to the concrete by a magnet that was fixed by its one
end to the AET, and the other end was fixed to the metal of the dual-T beam top
shelf (Fig. 6.29).

During static testing, the AES recording began at the moment the trucks stopped
in the places determined by the testing modes, and the data were recorded for 40…
60 s. During dynamic tests, the AE was recorded from the moment of the arrival of
the trucks at the bridge up to the moment of their leaving it. The AET location was
similar to that for static testing according to Modes 2 and 3.

The criterial assessment of detection of the AE signals caused by cracks was
processed, as shown above, by means of the Kp factor. When the AET was placed
on the metal surface, the value of the criterion for extraction of the AES caused by
cracks (the Kp factor) was assumed to be 3, and for concrete it was 6. The AE
sources that were revealed, as described above, were divided into four classes:

Fig. 6.27 General view of the bridge during testing
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Class I is a passive source; II, an active source; III, a critically active source; and IV,
a catastrophically active source.

Using the integral criterion, which was also described above, the AE sources’
activity was calculated from the expression:

~A ¼ a ePb
; at ti ¼ const; ð6:31Þ

where eA ¼ AT=Amax; eP ¼ PT=Pmax; AT, Πmax are the current and maximal values
of parameters. The absolute value of the power index b < 3 proves that the defects
that develop in the material of a structure are not dangerous.

Under the static testing of the bridge span structure by Mode 1, the AES from the
defects in the metallic beam material were recorded. This is confirmed by the

Fig. 6.28 The AE “AKEM” equipment (a) and methods of mounting the AET on metal (b) and
concrete (c)

Fig. 6.29 The AET location
during bridge testing: 1 is a
reinforced concrete roadway
plate; 2 is a metallic beam; 3
is a metallic beam edge; 4 is
the AET placed on metal; 5 is
a pressing clamp; 6 is a
magnet; 7 is the AET placed
on concrete (Modes 2 and 3)
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corresponding values of the Kp parameter. The analysis concerning the develop-
ment of dangerous defects in the material structure under the loading of the span
showed the following: A relationship between the load level and the accumulated
AE energy is observed beginning at the 12th second. In this case, the values of
coefficients in the approximating expression are as follows: a = 0.0878;
b = −1.76897; σ2 = 0.02824. The absolute value of the power index is b < 3, and
while loading the bridge span structure by Mode 1, the defects that develop in the
structure of a material are not dangerous.

Under the static testing of the bridge span structure by Modes 2 and 3, the AES
caused by micro-cracks in the reinforced concrete plate of the bridge roadway are
recorded, which is proved by the corresponding values of the Kp parameter that do
not exceed 6. The following was shown by analyzing the development of dangerous
defects: Under the loading Mode 2, beginning at the 20th second, a relationship
between the accumulated AES energy, and the load of a span was observed. The
analysis of the relationship using data formalization shows that it can be described
by the expression with the parameters of approximation: a = 0.26273; b = 0.05307;
σ2 = 0.36816. Under loading by Mode 3, the dependence between the accumulated
AES energy and the loading of a span appeared after 7 s. After 11 s: a = 1.08086;
b = 1.61458; σ2 = 0.04489. The absolute value of power index is b < 3, i.e., during
the bridge span structure testing by loading Modes 2 and 3, the defects that develop
in the material structure turned out not to be dangerous.

Thus, bridge testing using the AE method showed that there are no dangerous
defects in the bridge structure that could hinder a reliable and safe use of span
structures. Moreover, these defects did not show any tendency to develop. It is
recommended that such tests be repeatedly performed after a certain period of time
in order to estimate the state of the bridge span structures and to create a system of
their monitoring. This would permit developing a database for establishing the
dependencies used to estimate the bridge lifespan according to the AES parameters.

The AE inspection of the bridge across the Prut River in Chernivtsi. This bridge
is located on the main highway of the third category M20 Zhytomyr–Chernivtsi–
Terebleche (Fig. 6.30 [68]). The bridge is made of metal, has 6 spans, and was built
according to a chart: 38.60 + (39.14 + 2 × 38.90 + 39.14) + 38.60. The bridge is
247.18 m long.

A permanent bridge passage with metallic span structures on rubble concrete
footings was built in 1927–1931 and crossed the Prut River at a right angle. During
the World War II the bridge was destroyed twice and rebuilt twice. The foundation
of the footing 2 was not destroyed and a 5-m high primary rubble concrete footing
was built on it. A temporal frame bricked with its basis in rubble concrete was
arranged over it; the bridge girders were supported by a metallic frame through a
grillage foundation. In 1961 a wooden roadway of the bridge was replaced with
reinforced concrete.

The span structures consist of two through metallic girders with parallel booms
and a carriageway on the bottom boom. Girders are of an open type and do not have
wind constraints on the upper boom. The filling is constructed as a triangular web
with additional vertical tower bodies.

6.8 The AE Inspection of Bridges in Ukraine 273



Coastal spans 0–1 and 5–6 are covered with cut girders. The river bed spans 1–
2…4–5 are covered with a non-cut, four-span girder. Every span girder is divided
into 10 panels (3.8–3.87 m long). In a transversal cross-section, the distance
between the axes of girders is 6.51 m, and their height is 4.04 m.

The sections of girder elements are made of the rolled elements of channels and
angle bars that are reinforced on the top and on the bottom booms by metallic sheets
in the middle panels and in the supporting areas of non-cut girders. In a transversal
direction, the rigidity of span structures is provided by horizontal diagonal con-
nections of angle bars (2L 90 × 90 × 10 mm) located at the bridge boom bottom
level.

Abutment spans are made of rubble concrete and are monolithic with undersides.
Supports consist of two parts and end with cornices. The lower part is widened, and
its height is about 5.0 m, with the top part about 1.5 m high. A reinforced concrete
underside is made as a monolith with sidewalk cantilevers about 7 m long. Two
concrete diaphragms are mounted on the bottom of sidewalk cantilevers at the
up-river bridge side and at the down-river side.

Intermediate supports are rubble concrete, hollow (except for the restored sup-
port 2), slush plastered, and made of two parts: The lateral sides of the bottom parts
of intermediate supports have inclinations with a ratio of 15:1. The up-river bridge
side is executed as an elongated ellipse and acts as a breaker; the down-river bridge
is semi-circular. Foundations of all supports are caissons laid 20…35 m
deep. Girders are set on the supporting mobile (bowled, rolled) and immobile
(balance) parts.

The reinforced concrete plate of a bridge roadway is an assembled struc-
ture 11 cm thick; its cross-section is a trapezoid that consists of two Γ-shaped units.
A longitudinal weld is located along the axis of the bridge roadway. The length of a

Fig. 6.30 A general view of the bridge across the Prut River in Chernivtsi
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unit is equal to the plate length, and transversal welds are located over the crossbars.
The plate is placed on a beam cage that consists of longitudinal and transversal
beams.

Transversal beams are assembled, riveted from angle bars and double-T sheets
0.74 cm high, have a calculated length of 6.15 m, and are installed in every joint of
a bottom boom. They are tightly joined with the support of the main girders and
form a semi-frame. Two stiffeners made of 90 × 90 × 10 mm angle bars are riv-
eted to the vertical ribs on both sides to provide local stability.

Longitudinal beams are made of an I-bar 30 and are tightly connected at one
level (by a supporting table) with crossbars. Six longitudinal bars are placed in the
transversal section with an axes distance of 1.0 m and an estimated length of 3.7…
3.75 m. A plate is set on the bar cage using reinforced concrete square beams of a
13.5 × 12.5 cm cross-section, made as a concrete monolith with the top boom of
the longitudinal beam. The length of the squared beams is equal to the length of the
panel.

Sidewalks are placed on the external bearing-out cantilevers made of a rolled
metal (angular bar and a channel) that are riveted to the girder parts. The channels
are inlaid in a cantilever, on which corrugated iron flooring is placed. The space
between the girder elements is covered by a metallic sheet. Communications
facilities are laid under the flooring of sidewalks.

A coating is applied over the bridge roadway that consists of a flashing, draining
triangle, and a 7 cm. thick layer of asphalt concrete. The roadway is protected by a
0.75 m high metallic barrier.

The bridge railing is metallic, riveted, and specially designed. On the underside
walls of a support 10, the railing is reinforced with concrete parapets. On support 6,
the railing is metallic, and mounted on sidewalk blocks. On the up-river side of the
bridge, the light towers made of metallic cone-shaped pipes are mounted. Over
supports 0, 1, 5, and 6, deformation welds are covered with sliding metallic sheets
at the level of a coating.

Under a static loading of the bridge 13, the modes of sequential loading of all
girders were realized. As a test loading, two tipper “KrAZ” trucks were used,
loaded with ballast weighing 270 kN each (Fig. 6.31). The deflections (vertical
displacement) were measured in the middle part of girders 0–1, 1–2, and 5–6 by
drum-gear deflectometer PAO-6 of the Aistov system; stresses (relative deforma-
tions)—in the middle of girders 0–1, 1–2, 5–6 at the top and bottom shelves of the
main bars—were measured by Aistov electromechanical strain gauges, and
micro-indicators with a 200 mm base.

The bridge was dynamically loaded by the “KrAZ” tipper trucks with a ballast
that was moving at various speeds on the bridge roadway, having passed the barrier
made of a wooden squared beam of the 10 × 10 cm cross-section, stopped and
were unmovable across the middle of a girder. The following loads were realized:
one “KrAZ” tipper truck was driven at speeds of 10, 20, 30 km/h in the direction
from support 6; another “KrAZ” truck moved across the 10 × 10 cm barrier at
20 km/h.
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Under all modes of dynamic and statistic loadings, the AES were recorded from
bearing structures of the bridge, as in previous cases, using the “AKEM” program
complex that was designed for a personal computer that used “PCLabCard” tech-
nology. To evaluate the dynamic characteristics, there a VIBROPORT 30 device
equipped with a computer produced by the “SCHENCK” company (Germany) was
used. A vibration sensor was mounted on the top boom of the girder in the middle
of the investigated bridge span (0–1, 1–2 and 5–6) [68].

The recording and analysis of AES during static testing began at the moment the
truck stopped in the places determined by testing charts. Information was recorded
for 40…60 s. The processing of the criterial estimates of the AES caused by cracks
was also done using the Kp factor as in the aforementioned research.

As a result of static and dynamic testing of the bridge across the Prut River on
the Zhytomyr–Chernivtsi highway, it was found that bridge structures do not
contain defects and damage that could reduce their bearing capacity. To lengthen
the lifespan of a bridge, it is necessary to finalize the studies on corrosion protection
of metallic structures of a bridge using modern technologies and materials and do
the repairs of bridge supports by arranging protective iron concrete shirts. It is
recommended to set the limit of the load carrying capacity of the bridge with a
maximal admissible temporary load of up to 300 kN per one span.

6.9 Prospects for Further AE Application

Thus, as numerous published data show, the second half of the twentieth century
gave an incentive to the development and application of the AE phenomenon for
NDT and technical diagnostics of various products [35, 69, 70]. For instance,

Fig. 6.31 Loading the bridge span 1–2 by two “KrAZ” tipper trucks
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already in 1965 the Aerojet-General Company (USA) under NASA contract per-
formed hydrostatic testing of the casing of a SL-1 rocket engine with a diameter of
6.6 m produced by the Tiocol Company [35, 70]. Using the AE method, the
moment of sub-critical crack initiation and propagation under pressure that con-
stituted 56% of admissible value was detected. The method of triangulation made it
possible to determine the fracture location with an accuracy of 305 mm. This
promoted the application of the AE method in research on the strength character-
istics of structural materials, their fracture and metal science problems, and con-
sequently for the determination of the coordinates of developing defects [71].
Further research effectively used the methods of AE diagnosing for testing the state
of wing crossbars in aircraft [72] and in other elements of aviation structures in
which initiation and propagation of fatigue cracks is possible [73].

Progress in microelectronics and, especially, in the development of a theoretical
basis of the AE method, urged further studies. Estimating the state of rocket engines
by 52-channel AE equipment [74] showed that using the criterion approaches, the
defects can be divided into three groups: (a) safe; (b) those that need inspection and
study; and (c) obviously dangerous. Publications appeared where the AE method
was effectively used for the quality control of rods [75, 76] under the action of
temperature and mechanical loading [77–79], and in gas flows [80]. The AE
methods for determining the characteristics of structural materials, especially their
crack growth resistance [81, 82], for locating the defects [83, 84], for determining
their orientation [85], especially during exploitation of the objects [86], are still
urgent.

Paper [87] describes the laboratory AE research of crack initiation from the holes
for rivets under fatigue loading. The corrosion of rivets was accompanied by the AE
that was recorded in the frequency band below 150 kHz. Therefore, the AE caused
by fatigue fracture was recorded by the AET at the natural resonance frequency of
450 kHz. Basic information on the mechanisms of the fatigue fracture of rivets was
obtained by amplitude distribution of the AES. Signals differ by a short time of
amplitude growth, which is typical of crack growth. The distribution of the number
of AE pulses vs. the number of loading cycles was calculated.

It is also shown there that there are other methods of utilizing the AE in diag-
nosing the state of structures and products. The most widespread are the methods of
the AE inspection of leakages in vessels that operate under pressure [69–71, 87].
The Kaiser effect is most often used for this purpose, because the AES arise from
the very start of a crack growth. They are recorded either during primary application
of pressure in a vessel or under the repeated loading above the previously attained
maximum level. During such tests, noises arising due to the leakage of liquids and
gases from vessels give a substantial contribution to the recorded AES. Even at a
slight leakage, the AE can be higher than the AE recorded during a crack growth.
Therefore, in conditions of leakage detection by means of the AE, it is necessary to
eliminate the leakage and then perform a subsequent AE testing of the object. The
state of deep-diving into a submersible chamber was examined [87] using this
method.
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Pipelines and pipeline systems can be diagnosed using the AE method during
hydrostatic testing by applying overpressure [88, 89]. The AET location depends on
the thickness and diameter of a pipe, the type of protective layer, the composition of
the soil (for an underground pipeline), the working environment in a pipeline, etc.

The wide use of the AE test methods for industrial equipment is also recognized
[87], apart from those described in this monograph. Among them are the methods
for assessing the state of the equipment for oil catalytic cracking, hydro-cracking,
blast furnace, autoclave of pulp and paper production, mine fastening, cryogenic
vessels for the storage of ammonia, spherical vessels, products of reinforced
glass-fiber material, hydrolysis equipment, devices for hydrothermal treatment,
absorption tower, materials of clock springs, surface coatings, quality of mechanical
and heat treatment of components, and food, as well as honeycomb elements of
airplane structures, buildings, geological processes, and others.

When analyzing the state and prospects of the development of studies using the
AE phenomenon to estimate damaged products, it is necessary to distinguish
between the following basic directions:

• Development of a theoretical basis in order to establish correlations between the
AES parameters and the defects, and the elaboration of effective experimental
methods for determining the crack growth resistance of structural materials;

• Creation and verification of new methods of detection of defects in structures
during semi- or full-scale testing, which, in turn, use the results of theoretical
and experimental research; and

• Development and production of new facilities for loading and for extracting the
AE signals, as well as units for their processing in order to perform the NDT and
technical diagnosing of the IO.
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